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But Sisyphus teaches the higher fidelity that negates the gods and raises rocks. He too 
concludes that all is well. This universe henceforth without a master seems to him neither sterile 
nor futile. Each atom of that stone, each mineral flake of that night filled mountain, in itself forms 
a world. The struggle itself toward the heights is enough to fill a man's heart. One must imagine 
Sisyphus happy. 

Albert Camus 
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ABSTRACT OF THE DISSERTATION 

 

 

Metabolites as Modulators of Inflammation and Immunity 

 

 

by 

 

 

Ian T. Mathews 

Doctor of Philosophy in Biomedical Sciences 

University of California San Diego, 2020 

 

Professor Mohit Jain, Chair 

Professor Sonia Sharma, Co-Chair 

 

 Immune checkpoint blockade (ICB) monoclonal antibodies are a breakthrough class of 

immune-activating therapies for the treatment of advanced solid tumors. Limitations on clinical 

response to ICB include aspects of immunity: i) intrinsic to the tumor, ii) extrinsic to the tumor and 

derived from peripheral immune fitness and environmental immunomodulatory factors, and iii) 



xiii 

 

involved in development of therapeutic toxicity. Here, I approach these limitations to ICB response 

through the measurement and functional characterization of endogenous and exogenous 

metabolites, effector molecules in the energetic and signaling determinants of immunity.  

In studying the determinants of successful intratumoral immune activation, I describe a 

unique metabolic dysregulation which propagates infection-free induction of type-I interferons, 

key cytokines in cellular immunity. Cells depleted of ADA2, a purine metabolic enzyme, bear 

diminished reserved of s-adenosyl methionine, a key cofactor in DNA methylation and repression 

of genomic endogenous retroviral elements (ERVs). Under alleviated repression, ERVs are 

expressed and sensed by cell-intrinsic viral sensing machinery, producing type-I interferon 

induction. This mechanism of purine metabolic reprogramming can be used to significantly alter 

the inflammatory profile of a tumor towards ICB responsiveness. 

 In complement, I studied the systemic progression of ICB toxicity, a multi-organ collection 

of ICB-induced autoimmunity which causes therapeutic termination independent of tumor 

responsiveness. Loss of two circulating lipid metabolites, LPC (18:2) and LPC (16:0), is observed 

in patients who develop both ICB-induced and traditional autoimmunity. Supplementation of LPC 

(18:2) in mice ameliorates deleterious inflammation of chemical or ICB origin via negative 

regulation of circulating neutrophils, effector myeloid cells in the inflammatory response. This 

protective effect occurred without impacting anti-tumor immunity, suggesting other pro-resolution 

metabolites in circulation may similarly regulate toxicity without limiting ICB efficacy. 

 Finally, I sought to characterize mechanisms of reported influences by the commensal gut 

microbiome on tumor ICB responsiveness via measurement of microbially derived metabolites in 

circulation, and their value as response predictive features. I characterize a class of dihydroxy-

bile acid glycosides which predict ICB response and are positively regulated by previously 

characterized response-associated gut microbes. Cumulatively, these observations represent 
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three approaches to addressing the clinical limitations of ICB interventions through metabolic 

characterization and reprogramming. 



 
1 

Introduction 

 

Cancer and the Immune System 

 

Immune recognition of neoplastic cells has been a considered paradigm in cancer biology 

since the early 20th century, coming about contemporaneously with, and partially predicated on, 

early discoveries on the genetic etiology of cancer. The first postulate in cancer immune 

recognition is generally attributed to Paul Ehrlich, a German immunologist whose career was best 

highlighted by notable clinical research in antisera to diptheria and the establishment of the first 

chemotherapeutic to syphilis (a discovery which also first coined the term “chemotherapy”). 

Ehrlich came to cancer research late in his career late, in an amusingly contemporary situation of 

reduced funding for his basic research in immunology intersected by general calls and direct 

requests of Ehrlich’s by German elites to devote more research to cancer.  

At the turn of the century, Ehrlich was a relative outsider to ongoing research in human 

malignancy. In the late 1800’s to early 1900’s, discoveries in developmental biology and 

embryology helped couch the mechanisms of cancer development in mechanisms of inheritance, 

where the genetic material of individual cells randomly accrued errors during cell division, giving 

rise to malignant cells. Ehrlich, with his background in host response to pathogens and heavily 

influenced by the work of colleague Robert Koch, hypothesized that these mistakes in cell division 

would happen “in an overwhelming frequency,” often enough to require recognition and regulation 

in a process akin to an antimicrobial response. He wrote1:  

In the enormously complicated course of fetal and post-fetal development, 
aberrant cells become unusually common. Fortunately, in the majority of people, 
they remain completely latent thanks to the organism's positive mechanisms.  

Empirical evidence to support this hypothesis would remain elusive for most of the next 

century; Ehrlich’s own mixed results in immunizing mice with attenuated malignant cells would 

prove emblematic of the difficulty in experimentally validating what would eventually be called the 
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hypothesis of cancer immunosurveillance. In fact, greater understanding of adaptive immune 

recognition of tissue allografts in the early-mid 20th century actively challenged tumor immune 

surveillance experiments like Ehrlich’s as recognition of allogenic tissue, rather than tumor-

specific antigens2. Not until syngeneic tumor models were developed on long-term inbred mouse 

lineages was it evident that malignant cells themselves were immunogenic3,4. Immunity against 

syngeneic tumors in mice formed the cornerstone of the cancer immunosurveillance hypothesis, 

as formed by Sir Macfarlane Burnet and Lewis Thomas4. Burnet and Thomas separately 

postulated the evolutionary root of adaptive cellular immunity observed in allograft rejection was 

in fact recognition of malignant cells5, and recognition of tumor-specific antigens occurred 

throughout the lives of vertebrate animals, preventing disease progression6. The correlates of this 

hypothesis – namely that immunocompromised hosts, unable to effectively eliminate malignant 

cells, would develop neoplasia more frequently, and that mature tumors in competent hosts 

somehow overcame this negative selection – would be contested for the remainder of the 20th 

century. 

Experimental Immunosurveillance 

 Key experiments in mice, undertaken in the period between 1960 through 1980, were 

seemingly conclusive in their refutation of the cancer immunosurveillance hypothesis. Following 

Burnet and Thomas, researchers attempted to test whether animals with impaired adaptive 

immunity developed malignancies more frequently than immunocompetent animals, particularly 

spontaneous and chemically induced tumors. In rodent models of immunosuppression using anti-

lymphocyte serum, no differences in chemically induced tumor incidence were observed7,8, and 

inconsistent responses were reported by sex and strain in mice who underwent thymectomy as 

newborns9-11. Extensive testing of spontaneous and chemically induced tumor incidence in the 

newly developed athymic nude mouse model, while limited to a single mouse strain later found to 

be metabolically problematic for titration of the carcinogen methylcholantrene (MCA)12,13, 
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nonetheless appeared to firmly refute specific tumor immune recognition. Athymic CBA/H mice 

displayed no difference in tumor induction by MCA14-16, and had no increased tumor incidence by 

7 months of age14,17,18. Cumulatively, these studied questioned the import, if not the existence, of 

an immune-mediated check on neoplastic development. 

 Support for immunosurveillance resurged as mouse models of immunodeficiency became 

more nuanced, and our knowledge of cell-based immunity expanded. The role of T-cell mediated 

immunity was more directly tested in the 1990’s and early 2000’s, in which signaling via interferon-

gamma (IFN-γ) and production of perforin were interrupted and mice were challenged with 

syngenetic tumors. Tumors developed in mice treated with IFN-γ neutralizing antibody were faster 

growing and more immunogeneic19; similarly, tumors from IFN-γ receptor, α subunit deficient mice 

were more tumorigenic and immune activating20. Loss of the downstream transcription factor 

STAT1, itself critical for effective T-cell activation, similarly produced more frequent and fast-

growing tumors in MCA-treated mice19. These were amongst the first substantive rebuffs of the 

disappointing results in early athymic rodent models of tumorigenesis, reopening the door for the 

demonstration of an immunosurveillance component to tumor development.  

In an analogous fashion, other groups sought to determine whether cytotoxic T-cell 

effector function, like T-cell activation, was necessary for the immunosurveillance phenotypes 

observed in mice. Genetic depletion of Prf1, the gene which in mice encodes the cytolytic protein 

perforin released by cytotoxic T-cells, led to higher rates of MCA-induced21 or spontaneous22,23 

tumors. Of note, it was in comparison of perforin and IFN-γ deficiencies in mice side-by-side where 

the functional relevance to tumor immunosurveillance of natural killer (NK) and natural killer T 

(NKT) cells became more apparent24.  

NK cells were first characterized in the 1970’s for their cytotoxic activity against syngenetic 

or allogeneic tumor neoantigen25-27 or oncogenic viral antigen28,29, observed in several mammalian 
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systems including both humans and mice. Natural cell immunity, the cytotoxic effect against 

aberrant syngeneic target cells observed in ex vivo cytotoxicity assays, have credence to a 

antitumor immune phenotype independent of T-cells or lytic actions of macrophages. of A firm 

definition of these populations, necessary for their detailed study in immunosurveillance, was 

elusive for much of the subsequent decades, however. Without these, the ability to rigorously test 

the effects of NK cells in immunosurveillance furthered the field’s stagnation.  

In time, surface marker validation in mice and in humans allowed for the definitive 

identification of NK populations, contemporaneously with directed IFN-γ pathway knockout 

studies in mice30,31. Characterization of these cells helped add nuance to a few of the persistent 

critiques of immunosurveillance, particularly around the negative results of athymic mice. 

Identification of NK populations with and without T-cell receptors which persist in athymic mice32 

helped explain persistent immune recognition of tumors despite T- and B-cell deficiency in 

neonatal thymectomy. In addition, the synergistic, non-overlapping effects on anti-tumor immunity 

of IFN-γ and perforin knockout mice is partially explained by the existence of NK cells, which also 

release perforin in their cytotoxic actions, but are predominantly IFN-γ  secreting cells and show 

greater dependence on Type-I Interferon (IFN-α/β) in their function21,23,24.  

An iterative expansion of knowledge around natural and cell-mediated immunity proved 

less revelatory in its support of the immunosurveillance hypothesis than the experiments which 

followed the development of RAG-deficient mice. RAG-1 and RAG-2 are recombination activating 

genes expressed exclusively in the immune compartment, and are critical to the maturation of T- 

and B-cell antigen-specific receptors33. Unlike previous attempts to interrupt V(D)J recombination, 

notably DNA-PKcs knockout in mice, RAG-1/2 restriction to the lymphocytic compartment 

minimized the compounding factor of diminished DNA double-stranded break repair in 

tumorigenesis34,35. Genetic depletion of either RAG-1 or RAG-2 leads to complete depletion of T-

, B-, and NKT-cells33, and in these mice, both MCA-induced and spontaneous tumors of varied 
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histologies developed more frequently than co-housed wild type controls36. Of note, there is 

evidence RAG-1/2 knockout is incomplete in its ablation of tumor immunosurveillance; mice 

deficient in both RAG-2 and STAT1 (RkSk) developed spontaneous breast tumors not observed 

in single knockouts or wild-type controls36. RAG-2-/- mice also retain NK cell-mediated tumor 

immunosurveillance, supported by the observation that RAG-2-/- crossed with γc-/- mice develop 

MCA-induced sarcomas at greater frequency than RAG-2-/- deficiency alone37.   

Efforts to experimentally test the tumor immunosurveillance hypotheses of Burnet and 

Thomas produced an image of tumor maturation alongside selection by the adaptive and innate 

immune systems. Cumulatively, these critical experiments support a more comprehensive 

program of immunosurveillance in rodents than originally respected, including both αβ and γδ T-

cells38, NK cells, and NKT cells. Nascent tumors experience unique combinations of lymphocytic 

and myeloid selective pressures inherent to their original tissue niches. This concept, where 

mature tumors are the product of a diverse collection of imperfectly selective pressures from the 

immune system, was coined by Robert Schreiber and others as cancer immunoediting39, and will 

prove critical to the utilization and honing of immunotherapy to treat human tumors. 

Immunoediting in Human Tumor Development 

 Central to the concept of immunoediting is the correlate that selective pressure from the 

immune system “sculpts” nascent tumors during neoplastic development. Tumors derived from 

nude40, severe combined immunodeficiency (SCID)41, or RAG-1/2 deficient36 mice support this 

idea, as they are more immunogenic and are frequently rejected when transplanted to same-

strain, immunocompetent hosts. Whether this process shapes the immunogenicity of human 

tumors, or indeed whether immunosurveillance meaningfully occurred in humans, was more 

difficult to definitively establish. First, the components of cell-mediated and natural immunity 

evidenced in rodent models are conserved in humans39,42. Natural experiments to test the 

immunosurveillance hypothesis in a manner analogous to RAG-1/2 deficiency in mice is limited 
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to retrospective studies of immunosuppressed individuals (secondary) or congenital 

immunodeficiency (primary). The first multi-cohort studies of patients from 1960-1990 of induced 

immunosuppression following organ transplant, here using cytostatic agents (cyclophosphamide, 

azathioprine)43,44, supported immunosurveillance in humans but with an important etiological 

asterisk. A striking majority of tumors which presented with higher frequency in transplant patients 

have known viral etiology, including sarcomas and carcinomas caused by HPV, HSV-8, and 

Epstein-Barr virus. AIDS patients often presented with the same classes of cancers, particularly 

Karposi sarcoma45. These first observations supported that immunosuppressed individuals were 

more susceptible to oncogenic viruses, but lacked definitive evidence for increased tumors of 

non-viral etiology. Later retrospectives focused particularly on cancers without known viral origin; 

three main clinical data repositories (the Cincinnati Transplant Tumor Registry (CTTR) in the US, 

the Nordic Renal Transplant Registry (NRTR) in Denmark, Finland, Norway, and Sweden, and 

the Australian and New Zealand Transplant Registry (ANTR)), reported solid tumor incidence at 

2-25 times the normal population rate in transplant patients43,46-49. Of note, at least one study 

suggested the relative increased risk of cancer was higher among patients who received 

transplants in their youth rather than later in life47, and the strength and duration of secondary 

immunodeficiency appear to directly correlate with incident cancer risk50. Increased non-viral 

tumor incidence was confirmed in non-white populations, though significant variability in risk 

profiles exist between races, including in non-skin malignancies51. Retrospective evidence of non-

viral cancer risk in immunosuppressed patients is contemporaneously well-established. 

 Cancer risk from primary immunodeficiencies, or congenital immunodeficiency, is 

comparatively more challenging to study than secondary immunodeficiencies largely due to the 

relative paucity of cases. One larger cohort from the Immunodeficiency Cancer Registry, which 

highlighted 145 mixed-presentation primary immunodeficiencies who developed cancers, of 

which SCID patients were only nine, indicated these where primarily lymphocytic in origin52.  
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Collation of this and other, smaller clinical retrospectives promote that primary 

immunodeficiencies do indeed produce tumors more frequently than the general population, but 

that the number of such cases are marginally less frequent than patients undergoing secondary 

immunodeficiencies53,54. More recently, the larger United States Immune Deficiency Network 

(USIDNET) registry effectively confirmed a modest higher incidence in primary immunodeficiency, 

though predominantly in men, and predominantly in patients with common variable 

immunodeficiencies (CVID)55. Unlike SCID patients, patients with CVID experience intermittent 

immunoinsufficiency secondary to depleted immunoglobulin in circulation56. These patients 

sproadically develop autoimmune-like inflammatory disorders secondary to increased frequency 

of bacterial and viral infections56,57. These patients also develop malignancies at a higher 

frequency, developing gastric cancers and hematological malignancies, particularly Hodgkin’s 

lymphoma58,59. SCID patients, though a less frequent primary immunodeficiency and develop 

cancer less frequently than CVID patients, also appear to experience cancer at higher rates than 

the normal population52,53,55. One potential interpretation of this seeming paradox – individuals 

with incomplete immunodeficiencies appear to have a higher frequency cancer incidence than 

individuals with more complete immunodeficiencies – may lie in the complex role inflammation 

plays in tumorigenesis. 

 Critical to immunoediting in humans is the dual role of the immune system in tumor 

development; both the immunosurveillance role T-, NK-, and NKT-cells play in selecting against 

immunostimulatory clones, but also in the formation of a tumor-promoting inflammatory niche. 

The role of co-opted myeloid immune cells in the tumor microenvironment is of particular 

importance to immune escape. Both classical60,61 and non-classical62 monocytes are cytolytic 

against malignant cells, and home to primary and metastatic tumors in a CX3CR1/CCR2-

dependent manner for this purpose63-65. Once these monocyte populations reach tumors, 

however, they differentiate into many of the myeloid-derived populations which frequently promote 
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tumorigenesis and immune evasion by providing a cytokine-dependent inflammatory signal, 

boosting tumor growth and dampening anti-tumor cytolytic activity.  

Tumor-associated macrophages (TAMs) are a well-characterized example66 of the 

multitude of myeloid-derived intratumoral populations, which include neutrophils of varied 

maturity67, mature and pre-dendritic cells, undifferentiated monocytes, and the heterogenous 

myeloid-derived suppressor cell (MDSC) populations. TAMs are seeded intratumorally by 

monocytes in early malignancies, but are a self-sustaining population following differentiation and 

during tumor development68,69. Clinically, TAM cellularity inversely correlates with overall patient 

survival70,71. This effect appears to be hypoxia-inducible factor (HIF)/cAMP response element 

modulator (CREM)-dependent in TAMs, spurred by the low-pH, low oxygen environment within 

tumors72-74. In conjunction with low basal activity of the NFκB and STAT3 transcription factors, 

TAMs produce a profile of inflammatory regulatory cytokines and prostaglandins for sustained, 

tumor-promoting paracrine signaling75. TAMs coordinate the proliferation of cancer cells in their 

release and processing of EGF, FGF, PDGF, and TGFβ76-79, they reshape the stromal and 

vascular microenvironment towards tumor progression through the release of VEGF and multiple 

matrix metalloproteinases80-84, and they promote chemotherapeutic resistance in cancer cells, 

predominantly through anti-apoptotic signaling downstream of IL6 production85. 

 The tumor-promoting properties of TAMs are synergistic with, and derived from, their role 

in tumor-promoting, low-level inflammation. The characteristics of TAMs described above are 

predominantly those of M2-polarized macrophages, one pole on a phenotypic spectrum observed 

in TAMs between immune-activating M1-macrophages and immunosuppressive M2-

macrophages. Multiple excellent reviews of these polarizations in tissue-resident macrophages 

have been produced elsewhere80,86,87, as well as manuscripts covering the plasticity of the M1/M2 

distinction and the challenges in effectively identifying these (perhaps overly simplified) classes 

as distinct populations in vivo88,89. M2-polarized macrophages are often generalized as 
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immunosuppressive. Production of IL10 and TGFβ are central to this characterization; M2-

macrophages release IL10 and TGFβ to recruit CD4+ regulatory T-cells (Treg)90 and blunt the 

expansion of cytolytic CD8+ T-cells91. IL10 in particular may promote new monocyte differentiation 

to M2-like macrophages intratumorally, rather than cytolytic cells or anti-tumor dendritic cells92. 

Critical, however, are TAM cell-cell interaction mechanisms in antigen presentation, and their 

regulation of cytotoxic T-, NK-, and NKT-cell activity.  

Human tumors frequently shed the components of cytotoxic adaptive immunity developed 

as antiviral mechanisms during tumorigenesis. Some neoplastic cells, including in breast, 

colorectal, prostate, and melanoma tumors, have been reported to lose one or more of the three 

HLA subunits which make up MHC-I in humans93,94. Normal and malignant cells expressing MHC-

I regularly present self-antigen for recognition by CD8+ T-cells, a process with high enough 

sequence resolution that mutant epitopes can be recognized as cancer neoantigens and induce 

T-cell activation with some fidelity95. Therefore, the loss of antigen presentation in MHC-I 

downregulation is a direct means of immunoevasion by malignant cells. NK-cells likely play a role 

of elevated importance in this context; MHC-I/II recruitment to cell surfaces in tumors is directly 

related to IFN-γ96,97, but inversely correlated with NKG2D ligand expression on tumor cells98,99, 

indicating NK-mediated immunosurveillance against cells depleting MHC-I. Indeed, NK-cell 

cytolytic action is increased against cells with diminished MHC surface expression98.  

 Here we see antigen presentation as a critical example of the synergistic, occasionally 

counter-intuitive roles different immune cells play within the tumor microenvironment. There’s 

evidence M2-like TAMs upregulate the non-canonical HLA family member HLA-E and HLA-G, 

while downregulating classical HLA-A, -B, and -C similarly to neoplastic cells93. The function of 

these noncanonical HLAs are distinctly immunosuppressive. Macrophage HLA-G interacts with 

the costimulatory molecule ILT2 on T-cells, blunting T-cell priming100-102. Similarly, NK-cells 

become anergic in response to macrophage HLA-E binding of NKG2D on the NK-cell surface101 
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in a manner analogous to MIC-NKG2D interactions leading to NK priming103. This concept – 

competition for a stimulatory molecule on a cytolytic cell during antigen presentation – is crucial 

to the adaptive immune receptor family at the heart of modern cancer immunotherapy: the B7 

family of coinhibitory receptors, more broadly known as the immune checkpoint. 

The Immune Checkpoint and Checkpoint Blockade Therapy 

Both the cell-based and humoral arms of the human adaptive immune response involve 

the immune synapse, the interface between an antigen presenting cell and a putative antigen 

recognizing cell. B-cells, αβ and γδ T-cells, NK- and NKT-cells alike form an immune synapse 

when interacting with MHC or MHC-like antigen presentation complexes on a target cell. In cancer 

immunosurveillance, a simplified version of the immune synapse is between the antigen 

presenting cell bearing a tumor neoantigen epitope and a cytolytic CD8+ T cell with an αβ T cell 

receptor specific for that epitope. In this synapse, two cell-cell interactions are necessary. First, 

the T-cell receptor must recognize and bind the epitope-bound MHC-II on the antigen presenting 

cell. One could consider this interaction as the determinant of the response’s magnitude – 

successful epitope recognition predicates a response from the T-cell, and a particularly 

immunogenic antigen may induce a more robust immune response. But the direction, whether 

the cell is primed for effector function or pushed towards senescence after recognizing antigen, 

is determined by the second interaction with the antigen presenting cell. T-cell priming following 

antigen recognition is propagated by a costimulatory signal, most canonically CD28 on the T-cell 

surface interacting with CD80/CD86 on the antigen presenting cell. Both signals induce a STAT1-

dependent signal transduction platform which in turn induces expansion and cytolytic activity19, in 

this case against cells bearing the cancer neoantigen being presented. 

Like antigen presentation, costimulatory signals come in many different colors and shades 

for different contexts of priming at the immune synapse. Three families of costimulatory molecules 

relevant to CD8 T-cell activation had been broadly characterized by the turn of the 21st century: 
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CD2-, LFA1-, and CD28-interacting receptors104. CD2 is an immunoglobulin-like cell adhesion 

molecule105 on cytotoxic T-cells and NK-cells which binds APC-expressed LFA3. Costimulation 

experiments with human peripheral lymphocytes indicate CD2-LFA3 interaction appears to be of 

particular importance in memory T-cell activation and long-term function106-108. LFA1, a 

CD11/CD18 integrin heterodimer (αLβ2), is broadly expressed on T lymphocytes and recognizes 

APC-expressed ICAM family adhesion receptors109. LFA1 acts as a costimulatory molecule 

predominantly by being an anchor, spatially organizing the TCR-MHC interface110 through 

dynamic actin polymerization and myosin contraction, stereotactically stabilizing the immune 

synapse111,112 (a valuable review of the spatial dynamics of the immune synapse can be found 

here113). In fact, LFA1 is not a mutually exclusive coactivator of T-cell function; LFA1-ICAM 

interactions promote the spatial organization and stability of CD28-CD80/86 costimulation by the 

same mechanism: constructing a peripheral supramolecular activation cluster at the immune 

synapse114,115 There is some evidence of mutual exclusivity between CD28+ and CD2+ T-cells107, 

however; CD28 is another immunoglobulin-like coactivator, though predominantly expressed on 

naïve and effector CD8s, suggesting costimulatory molecules may contribute to T-cell fate 

determination and immunological memory. Loss of CD28 is a sign of repeated antigen stimulation, 

often associated with T-cell senescence116; expansion of these CD28- CD8+ T-cells is a feature of 

aging and associated pathological inflammation117. Of these three costimulatory molecules 

expressed by T-cells, CD28 is by far the most well-studied, especially in the context of cellular 

immunity and cancer. 

CD28 binds either of two B7 ligand family members on APCs, CD80 or CD86, to produce 

the necessary costimulatory signal at the immune synapse for T-cell activation. To do this, CD28 

competes with the coinhibitory receptor CTLA4, the first such receptor to be exploited as a clinical 

target in the treatment of solid tumors and a quintessential example of what is commonly referred 

to as the immune checkpoint. When CTLA4-CD80/CD86 interactions predominate at a T-cell – 
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APC immune synapse over CD28, this clonality is suppressed from expansion, and the T-cell 

becomes senescent. While the predominant mechanism of CTLA4-mediated coinhibitory action 

is not established, it is generally accepted that both a signal transduction-derived and a sterically-

derived mechanism occur in blunting T-cell activity, both of which directly interfere with CD28 

function. When bound to CD80/CD86, CTLA4 interacts directly with PP2A serine/threonine 

phosphatase and indirectly with the tyrosine phosphatase SHP2118, though the functional 

relevance of SHP2 interaction is questionable beyond sequestering SHP2 from CD28119. PP2A 

function following recruitment to CTLA is better understood: CTLA4 inhibits AKT-mediated 

glycolytic function via recruitment and activation of PP2A120. PP2A phosphatase recruitment also 

may blunt IL2 production121 downstream of CD28 activty122. Sterically, CTLA4 acts as a 

competitive inhibitor of CD28, binding CD80/CD86 with greater affinity than CD28123. There’s 

evidence which indicates CTLA4-CD80/86 interaction can sequester the B7 ligands via 

endocytosis in trans, and that this occurs only upon successful TCR engagement124.  

CTLA4 was first characterized as a CD80/CD86-recognizing T-cell restricted receptor in 

humans during the 1980’s125,126; its affinity for B7 family ligands and expression on antigen mature 

T-cells originally promoted CTLA4 as a costimulatory CD28 analogue127,128. These included at 

least one study where CTLA4-blocking antibodies, the eventual therapeutic modality used to 

boost anti-tumor immunity years later, indicated CTLA4 inhibition could actually boost T-cell 

proliferation in vitro127,128 In 1994, Walunas et al provided the definitive experiment on CTLA4 

function at the immune synapse, indicating that in the context of CD28 engagement, CTLA4-

CD80/CD86 interaction blocks T-cell expansion129. This experiment, in combination with later 

studies tied to the mechanisms of coinhibitory signaling behind CTLA4 activation and the 

consistent observation of CTLA4 induction upon CD28 activation, cemented the principal role of 

CTLA4 as a rheostat on T-cell activation, tuning down CD28-mediated expansion when necessary 

to avoid action against self-tissue. CTLA4 became the first molecule to be characterized as a 
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member of the homeostatic immune checkpoint, showing resurgent anti-tumor immunity in vivo 

when blocked130. 

Influencing costimulatory signals towards boosting immune activation has been a stated 

ambition of clinical oncologists and cancer-focused immunologists since at least the 1990’s. Their 

interests came to fruition with the development of Ipilimumab, the first therapeutics targeting the 

immune checkpoint with demonstrable clinical efficacy in cancer patients, in 2000131. Ipilumumab 

is a humanized, IgG1 isotype monoclonal antibody targeting CTLA4 – specifically, it was found 

Ipilimumab interacts with a CD80/CD86-facing β-sheet on the extracellular domain of CTLA4, 

sterically blocking coinhibitory action132. The first trials conducted by ipilimumab developers 

Medarex, and later licensed to Bristol-Meyers Squibb, were in metastatic melanoma, and 

produced modest results133. The toxicity profile for Ipilimumab was of particular concern as 

clinicians considered whether and how to use this new class of anti-cancer agent: even in small 

pre-trial studies, immune related adverse events (irAE) were more common than anti-tumor 

response131,133,134. Dosing and irAE mitigation for ipilimumab was matured over the next several 

years such that in 2010, where other CTLA4-targeting agents, most prominently tremelimumab, 

failed in Phase III clinical trials of advanced melanoma135, ipilimumab was successful136. Of note, 

while this trial offered a modest 23% response rate and 3.6 month median survival benefit for 

ipilimumab, evidence arose from these and future studies of durable long-term benefits for most 

responders136,137. Potential for a sustained anti-tumor immunological memory after termination of 

ipilimumab opened the door to treating advanced solid tumors with a wider array of immune 

checkpoint targeting therapies. 

Through that door walked monoclonal antibodies targeting PD1/PD-L1 interactions, a 

therapeutic class which rapidly outshone ipilimumab for its comparatively infrequent rate of irAE 

development138. Like CTLA4, PD1 is a B7 family receptor expressed on T-cells, though PD1 

recognized the ligands PD-L1 and PD-L2. PD1 also recruits SHP2 upon activation and blunts 
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CD28-derived, Akt-mediated glycolytic expansion, though this is dependent on phosphorylation 

of PD1’s ITIM/ITSM domains120,139,140. Immune checkpoint contextualization for PD1 has some 

important distinctions from CTLA4, however. For starters, while CTLA4 is T-cell restricted in its 

expression and is the dominant immune checkpoint receptor in tertiary lymph nodes141,142, PD1 is 

expressed on T-, B-, and NK-cells143,144, which recognize a dynamically expressed PD-L1 ligand 

on tumor cells to similar immunosuppressive effect145,146. Unlike CTLA4, which predominantly 

regulates CD4+ T-helper cells and regulatory T-cells (Treg) (a leading candidate for the cause of 

its comparatively high irAE incidence profile147), PD1 utilization is more broad, and its repression 

is more beneficial to the expansion of exhausted CD8+ effector T-cells in the tumor 

microenvironment148,149. These observations of CTLA4 and PD1 partial exclusivity in their 

immunosuppressive roles promoted the development of PD1-targeting therapeutics as 

complementary, and potentially superior, immune checkpoint blockers. 

It is perhaps not surprising then when nivolumab and pembrolizumab, both IgG4 isotype 

monoclonal antibodies against PD1, were tested in metastatic melanoma or lung 

adenocarcinoma, they consistently induced anti-tumor response at comparable or superior levels 

to ipilimumab monotherapy, and induced Grade III/IV (severe) irAEs with less frequency150,151. Of 

note, the nature and intensity of irAEs developed on PD1-targeting blockade were often in distinct 

organ systems than ipilimumab138,152; while both treatments induced skin and gastrointestinal 

inflammation with some regularity, conditions like hypophysitis and pneumonitis were almost 

entirely target-specific. Differential irAE profiles lent credence to the theory, supported in part by 

in vivo PD1 and CTLA suppression comparative studies of autoimmune development139,153, which 

purported the two coinhibitory molecules served nonredundant roles in suppressing anti-self 

immunity. Evidence for PD1 and CTLA4 exclusivity has expanded as ipilumumab, nivolumab, and 

pembrolizumab’s indication has expanded to less severe tumors of broader histology. Nivolumab 

and pembrolizumab, owing to their lower toxicity profile, are as of 2016 first-line therapies for the 
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treatment of metastatic melanoma and non-small cell lung carcinoma154,155, but all three are being 

tested as potential therapeutics in the treatment of a diverse array of solid tumors. Importantly, 

the treatment of advanced solid tumors is increasingly moving towards ipilimumab + anti-PD1 

combination therapy, where strong evidence for synergistic response has been observed in 

advanced melanoma156,157 and increasingly NSCLC150. Response rates in melanoma can reach 

nearly 60 percent for combination ipilimumab/nivolumab156, an unprecedented advance in the 

treatment of this hyperaggressive malignancy. Nonetheless, the compounding nature of irAE 

development in combination therapy158 measured against a persistently unresponsive population 

of immune checkpoint blockade patients firmly defines the horizon on a rapidly developing 

immune oncology field.  

I will conclude this section on the immune checkpoint by introducing the next generation 

of immune checkpoint targeting therapies, many of which are in clinical or pre-clinical 

development. There are numerous excellent reviews in this space159-161, but for the purposes of 

introducing clinical approaches to overcoming continued unresponsiveness to immune 

checkpoint inhibition, I will briefly summarize the alternative targets approach here. 

Broadly, next-generation immune checkpoint inhibitors fall into two categories: those 

targeting other coinhibitory molecules (B7-H3, BTLA, LAG3, TIM3, TIGIT, VISTA), and those 

which act as activators of costimulatory molecules (OX40, 41BB, GITR, ICOS). The former holds 

a similar level of promise to what preclinical research into PD1 inhibition produced for CTLA4 

exclusivity. The CD4 homologue LAG3, for instance, had broad lymphocytic distribution, 

expressed on CD8+, CD4+ helper T-cells162 and consistently by regulatory T-cells163, but 

specifically recognizes the cellular immune antigen presentation complex MHC-II as its ligand. 

MHC-II recognition may suggest a CD8+ restricted functionality, but significant evidence from in 

vivo studies indicate LAG3 targeted antibodies which do not interrupt its interaction with MHC-II 

still powerfully block its coinhibitory action162,164, potentially via Treg repression intratumorally. 



 
16 

Significant research on the direct function of LAG3 may be required to fully understand the 

indication of its targeting antibodies, but its synergistic function with PD1 in T-cell anergy165,166 

and tumor rejection167 remain promising. Indeed, the non-overlapping nature of blocking PD1 and 

BTLA168, TIM3169, TIGIT170, or other coinhibitory molecules in combination165 indicate the stacking 

phenomenon observed in CTLA4/PD1 combination therapy is a useful model to pursue additional 

immune checkpoint blockade responsiveness. 

Induced activation of costimulatory molecules, including receptors like 41BB, GITR, ICOS, 

and OX40, is similarly synergistic with suppression of coinhibition171-174. Like CD28, these 

costimulatory receptors detect cognate ligands on antigen presenting cells towards immune 

activation, and can be induced to this effect through agonist-like antibody interactions. The CD28 

homologue ICOS is a particularly interesting case study of costimulatory agonism in combination 

with coinhibitory blockade, particularly with ipilimumab. Clinical evidence of ICOS upregulation on 

tumor-infiltrating effector T-cells following anti-CTLA4 treatment174 coincides nicely with the 

preclinical observation of ICOS/CTLA4 synergy175. Early phase clinical trials exist for all of these 

costimulatory agonists, though early data does suggest the irAE profiles involved would require 

significant tuning of dose and combination PD1/CTLA4 regimens.  

Cumulatively, the immune checkpoint is the culmination of over a century of establishing, 

overturning, and re-establishing the role for the immune system as a check on neoplasia. Immune 

checkpoint inhibitors are a breakthrough class of immunotherapies for the treatment of advanced 

solid tumors. In the wake of the immune checkpoint’s still fresh clinical successes, we are 

considering the new and challenging indications for unresponsiveness, in order to better 

understand how tumors adapt to existing immune checkpoint blockade.          

Factors Limiting Immune Checkpoint Blockade Response 

 The best objective response to immune checkpoint blockade to date was observed in 

advanced melanoma with combinatory ipilimumab and nivolumab. The Phase III study of this 



 
17 

combination against ipilimumab or nivolumab alone reported a 58 percent survival rate at three 

years post-initiation156, which by any previously established endpoint metric in the treatment of 

advanced melanoma is definitively fantastic. In examination of this cohort, there are key 

observations to be made around responsiveness and the selection criteria for this study. First, 

treatment-associated irAE in the nivolumab plus ipilimumab arm of CheckMate 067 were among 

the highest reported for an immune checkpoint-based therapy. Of these patients, 59 percent of 

patients acquired severe (Grade III/IV) irAE, and 39 percent of patients were forced to discontinue 

therapy do to the severity of their irAE. Second, patients were genetically profiled prior to starting 

therapy, where BRAF V600 mutational status, a common oncogenic driver mutation in melanoma 

with direct correlates to higher tumor infiltrating lymphocyte (TIL) proportions176,177 and a higher 

neoantigen load176. Approximately 33 percent of each arm were BRAF V600 mutant, a 

characteristic which proved to be one of the best predictors of responsiveness to nivolumab and 

ipilimumab combination, particularly in comparison to nivolumab alone. Finally, patients were 

specifically selected who had not received previous immunotherapy; in a prior phase I trial of 

concurrent ipilimumab plus nivolumab or nivolumab patients previously given ipilimumab, there 

were objective response differences between the groups. Patients who received sequential 

treatment had at 20 percent objective response rate, compared to the 40 percent rate observed 

in the concurrent cohort178. Concurrent therapy may be more beneficial because of a stronger, 

more acute immune induction in this regimen compared to sequentially given immune checkpoint 

blockade, but it may also be evidence for a resistance mechanism by which patients previously 

treated with immunotherapy are less responsive to new blockade treatment writ-large. Those who 

designed the study took these factors into account as potential influencing factors for how patients 

may or may not respond to immune checkpoint blockade. 

 Here, my dissertation will outline in Chapters 1, 2, and 3 different approaches taken to 

boosting response to immune checkpoint blockade that consider three paradigms of limitation to 
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response, including tumor-intrinsic factors, tumor-extrinsic factors, and factors which regulate irAE 

progression as a response-limiting outcome.  

Tumor Intrinsic Response Factors 

 

 Significant translational research efforts have been applied to understanding what a 

responsive tumor looks like compared to an unresponsive tumor prior to giving immunotherapy. 

The dichotomous comparison approach to understanding response has clear utility in 

understanding the intratumoral immune landscape for responders versus non-responders, but it 

also has basis in the logistics of clinical oncology. Tumor biopsies at baseline are common 

practice in the age of targeted therapies, often secondary to surgical tumor resection as 

intervention but increasingly as a minimally invasive diagnostic measure, and are predominantly 

used for baseline genetic profiling. In melanoma, whether patients receive BRAF-targeting 

therapies dabrafenib or vemurafenib is dependent on determining BRAF mutational status155; 

similar considerations are made for EGFR mutations and erlotinib/gefitinib treatment in lung 

carcinoma154. Whole genome and transcriptome studies on population-level, multi-institutional 

cohorts can come from the same biopsies, producing resources like The Cancer Genome Atlas 

(TCGA) datasets where robust outcome associations can be tested179. It’s from tumor biopsy 

sequencing datasets that some of the first tumor-intrinsic hypotheses around immune checkpoint 

blockade responsiveness were tested. 

 An early observation in clinical immune checkpoint blockade (ICB) response studies was 

on mutational burden and neoantigen incidence. A well-supported correlate in ICB efficacy is, 

given the immune checkpoint acts predominantly at the immune synapse in cellular immunity, 

that anti-tumor immunity must recognize tumor-specific epitopes. Candidate epitopes fall into two 

camps: tumor antigens as ectopically expressed self-antigens, where proteins normally restricted 

to certain organs and cell types are inappropriately expressed by tumors, or full-scale 

neoantigens, where nonsynonymous mutations in the tumor genome are reflected as non-self 
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antigens in their cognate proteins. Due to the nature of T-cell maturation, central tolerance at the 

thymus of organ-specific self antigens make the contribution of ectopically expressed wild-type 

genes as immunogenic in cancer unlikely. Therefore, characterizing immunogenicity from 

neoantigens and how neoantigens were derived is critically important in understanding tumor 

intrinsic response factors. Neoepitope availability appears to be a baseline requirement – tumors 

with low mutational burden are weakly responsive to immune checkpoint blockade, most likely 

owing to the lack of new epitopes of any immunogenic character to be recognized180,181. 

 Identifying the character of neoantigen remains challenging but nonetheless central to 

predicting tumor responsiveness with greater accuracy. Identifying putative neoantigens can 

partially be performed in silico95, detecting tumor nonsynonymous mutations within the exome, 

cross-referencing against transcriptome data to monitor whether these neoepitopes make their 

way into transcript. An active area of research involves scoring these candidate neoantigens on 

likely immunogenicity, a multiparametric score which integrates empirical observations of what 

previously immunogenic neoantigens look like182-184, including through machine learning-based 

structural recognition185 or immunoprecipitation of MHC and mass spectrometry-based detection 

of bound antigen186.  

These methods are exceptionally good at identifying neoepitopes based on presentation 

character, but accurately predicting the immunogenicity, and beyond that responsiveness to 

immune checkpoint blockade, of tumors remains challenging. The first reason is incredibly familiar 

in oncology: tumor clonality. It is predicted that 92 percent of MHC-II presented neoantigens are 

derived from passenger mutations; from MHC-I, nearly all neoantigens are passenger95. Initial 

responses to immunotherapy likely don’t require ubiquitous mutations, as long as a sufficient 

number of cells bear neoantigens to be recognized by newly revitalized cytotoxic T-cells. The 

dream of immunologic memory secondary to immune checkpoint blockade is hampered 

significantly, however, if a class of neoantigens is not recognized which is either a driver mutation 
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and therefore more necessary to tumor recurrence, or is ubiquitously expressed by enough clonal 

populations in the tumor to be effectively discriminatory. Indeed, what studies exist of longitudinal 

patient tumor biopsies indicate the neoantigen repitore is actively edited over the course of 

therapy. Further, TCGA data mining for putative neoantigens indicates neoantigen frequency is 

less in mature tumors than would be predicted by chance187, indicating immunogenic neoantigens 

are actively selected against in a likely tumor extrinsic manner. There are even preclinical data 

which suggest neoantigen repression occurs in a manner intrinsic to the malignant cell, via 

epigenetic repression of immunogenic neoantigen expression188. Collectively, these observations 

indicate neoantigen profiles are actively remodeled during tumor progression and on therapy in a 

manner which to which clinicians must actively adapt. Currently, heroic efforts are underway to 

make longitudinal neoantigen profiling from serial biosampling189 and even cell-free tumor DNA in 

circulation190,191 more accessible and informative, and even to develop personalized vaccines 

around patient-specific neoantigen profiles. 

An important caveat of neoantigen profiling is the enormity of factors beyond the immune 

synapse which dictate a successful immune response. Clinical data indicating tumors with high 

mutational load and high neoantigen abundance can still be unresponsive to immune checkpoint 

blockade support the conclusion that when mature tumors do not actively repress the expression 

of their neoantigens, they promote an immunosuppressive microenvironment. Tumor associated 

macrophages (TAMs) were discussed earlier in this context for their immunosuppressive capacity; 

after recruitment to the tumor microenvironment, anti-tumor monocytes differentiate to TGFβ, 

IL10, and growth factor producing macrophages which promote tumorigenesis66,80. Of note here 

is the ordering of events. M2-like macrophages help coordinate an inflammatory, 

immunosuppressive niche in the tumor microenvironment, but the queues which promote their 

differentiation from monocytes and polarization towards M2-like macrophages and dendritic cells 

are themselves immunosuppressive. Monocytes may differentiate in response to direct interaction 
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of monocytic CD11b with CD90 expressed on malignant cells192, but are further driven towards a 

more protumoral phenotype through sensing a low oxygen, acidic environment72-74,84. M2-like 

TAMs contribute to the metabolic tumor niche even further as high expressors of arginase and 

indolamine-2,3-dioxygenase (IDO), catabolic enzymes which limit extracellular pools of arginine 

and tryptophan, respectively82,193,194. Development of an immunosuppressive tumor 

microenvironment is iterative and highly responsive to challenge by cellular immunity. 

An intriguing corollary to this observation is the dependency of immunosuppression in the 

tumor microenvironment to the magnitude of cellular immune activation. Induction of macrophage-

derived IDO, the expression of PD-L1, and even the CCL22-dependent recruitment of Treg cells 

to the tumor microenvironment has been linked to CD8+ T-cell production of IFNγ upon 

activation195, analogous to CD8+ T-cell pressure-dependent epigenetic repression of neoantigen 

expression188. Anthropomorphically, it’s in the interest of mature tumors to adopt 

immunosuppressive mechanisms like these to limit intratumoral effector T cell function; clinical 

evidence is modest but consistent for the dependence of non-anergic effector T cells in the tumor 

microenvironment on immune checkpoint inhibition196,197 and overall survival149,198. Anergy is key 

here – CD8+ T-cells expressing PD-L1 (often used as a proxy for exhausted or anergic effector 

cells) do not have the same clinical correlates149. Similarly, the ratio of CD8+ effectors to Tregs 

appears to be critical in identifying responsive tumors198,199  Indeed, some of the same 

microenvironmental determinants of effector T-cell expansion, including available amino acid, free 

fatty acid, and glucose, drive Treg recruitment and suppressor function200-202.  

More broadly, the cellular profile of a tumor (and the metabolic determinants thereof) can 

be observed as phenotypically distinct in the clinic. Dichotomous comparisons of responder vs 

non-responder tumor transcriptomes have been utilized to understand what gene expression 

patterns are unique to responsive tumors. Recent studies employing this approach will often 

identify hits in two broad classifications of gene functions. The first, associated with effector 
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function, will frequently identify genes important to antigen presentation, recognition, and clonal 

expansion as differentially expressed between baseline response categories. MHC 

presentation203, IFNγ, TCF7, and EOMES+ signatures (associated with effector memory CD8+ T-

cells)204, and increasingly antiviral type-I interferon signaling205,206. The stories told by these 

transcriptomic surveys, while not overlapping in distinct genes, indicate immune checkpoint 

blockade is most successful in tumors with immunological memory for tumor neoantigen, and 

have the capacity to reawaken effector memory populations in the tumor following treatment with 

a PD1-blocking antibody. Further, the synergistic nature of type-I interferon induction with in vivo 

studies of ICB efficacy207-209 indicate responsive tumors more successfully engage cellular innate 

immunity than non-responsive tumors. 

The second important transcript-level determinant of ICB responsiveness is around genes 

controlling genomic stability. Deficiencies in BRCA1 and BRCA2, both regulators of DNA double 

stranded break repair, tend to associate with more responsive tumors210. Mismatch repair genes 

more broadly are overexpressed in responsive tumors211,212. Interestingly, the hereditary condition 

Lynch syndrome, where microsatellite instability and subsequent progression to colon carcinoma 

is relatively common213, frequently bear more ICB-responsive tumors212. Several research 

initiatives into boosting tumor genomic instability, and therefore ICB responsiveness, are 

underway. Among the most compelling are efforts to utilize conventional chemotherapy and 

radiotherapy to promote additional antigenicity out of tumors. Early clinical studies indicate 

genotoxic stress boosts CD8+ T-cell reactivity and IFNγ production214-216, important priming 

characteristics of an effective immune checkpoint blockade outcome.  

In summary, approaches to improving immune checkpoint blockade response which 

address the limits imposed by tumor intrinsic factors seek to characterize and boost the 

immunogenicity of tumor neoantigens, to promote genomic instability, and to limit the cellular and 
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microenvironmental suppressive nature of tumors by inducing type-I interferons and blunting 

TAM/Treg cytokine production.   

Tumor Extrinsic and Environmental Response Factors 

Returning once again to CheckMate-067156 for insights on what makes an ICB-responsive 

tumor, there are two easily overlooked outcomes in the ipilimumab plus nivolumab arm that are 

worth consideration here. The first is on age – patients over the age of 65 were much less likely 

to respond positively to combination therapy over nivolumab alone. There are some pretty clear 

assumptions that can be made to explain this observation, not the least of which being older 

melanoma patients tend to have poor survival rates compared to younger patients independent 

of therapy217. Additionally, there’s growing evidence immune fitness decreases as we age. 

Experimentally, the loss of Tet2 and DNMT3A models the loosening grip of epigenetic regulation 

our cells hold as we age, and these mice tend to develop more severe and long-lasting deleterious 

inflammation following challenge218-221. The unwinding with age of immunosurveillance against 

human cytomegalovirus, for most individuals a lifelong asymptomatic infection222, is emblematic 

of the kind of relaxed immunity that, in part, makes older individuals more susceptible to 

developing tumors. Because the comorbidities which make irAE progression a therapy-

termination outcome are more frequent in elderly individuals223, better understanding the age-

associated factors in tumor extrinsic immune responses is critical. Currently, no comprehensive 

age-based comparison study exists for ICB determinants. 

The second outcome easily overlooked in CheckMate-067 is perhaps even more galling 

than the ever-encroaching specter of old age. Of the factors recorded by Matson et al in this study, 

the single factor which most strongly associates with overall survival on combination ipilimumab 

and nivolumab was actually the site location. CheckMate-067 was a multi-institutional study, 

conducted at 137 sites in 21 different countries, though a plurality of cases were in the United 

States156. For some reason, for patients receiving treatment in the United States, receiving 
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combination therapy was twice as beneficial as nivolumab alone, while European patients hardly 

saw any comparative benefit at all156. Confounding variables notwithstanding, what is markedly 

different about treating melanoma in Europe compared to the United States? 

   Here, environmental factors likely play a role. When tumor-intrinsic factors are unlikely 

to be substantially different from one region or another – in CheckMate-067, European 

melanomas are unlikely to be different enough from American melanomas to elicit an effect of 

that magnitude – the host’s own immune fitness is likely to play a role. Indeed, there’s evidence 

for both seasonal and genetic influences on immune function224,225. Similarly, geographical 

differences exist in autoimmune condition prevalence, with regional differences in sarcoidosis and 

systemic lupus erythamatosis, among other conditions226,227. Unfortunately, the etiology of 

environmental differences is difficult to trace in many cases. Seasonal differences in immune 

fitness have some clear derivations – many viral infections, both global and endemic, have 

seasonal patterns, with the flu being the most high-profile seasonal infection. Given that a massive 

proportion of tumor-reactive cytotoxicity is not directed at tumor neoantigens but rather viral 

epitopes from repeated infections like those from influenza exposure228, the frequency and 

magnitude of these seasonal exposures may very well dictate immune checkpoint blockade 

response. Similarly, allergen exposure is heavily tied to the pollination seasons of local plant-life, 

and can effect aspects of immunity distant to the mucosa; allergen-targeting IgE and IgG levels 

have been shown to directly regulate effector T-cell counts in the periphery229. Allergen exposure 

has the potential to effect the proliferation of tumor-reactive T-cells, but also the prevalence of 

autoreactive T-cell clones that may expand in ICB-irAE progression230,231. 

A plausible mechanism by which environmental influences may impact ICB response are 

those derived from variable Vitamin D production in different seasons and regions. Vitamin D3 

can be directly metabolized by dendritic cells and other immune cells into biologically active 

1,25(OH)(2)D(3)232-234, where it can be recognized by the nuclear receptor VDR. VDR activation 
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secondary to 1,25(OH)(2)D(3) inhibits T-cell proliferation235,236, particularly CD45RO+ memory T-

cells237, and promotes Treg expansion238,239. D3 metabolites can act directly on dendritic cells as 

well, blocking their maturation and antigen presentation function240,241. On top of effective antigen 

presentation being critical to immunotherapy response targeting the immune synapse like ICB, 

the evidence suggests impaired dendritic cell maturation may blunt effective ICB response by 

promoting IL10-induced anergy in nearby naïve T-cells209,242. Cumulatively, these studies indicate 

vitamin D is an incredibly potent negative regulator of cellular immunity; its metabolites via VDR 

signaling likely determine the clonal expansion of numerous neoantigen-reactive T cell 

populations during tumorigenesis. 

Ultimately, many of the environmental influences on the immune system are reflected in 

differences within the gut microbiome, the collection of commensal microbes living in the 

gastrointestinal tract. The microbiome has an associatively profound, but mechanistically 

undercharacterized, impact on immune checkpoint blockade. In three landmark studies, response 

to anti-PD1 and anti-CTLA4-based immune checkpoint blockade could be categorized by 

baseline 16S or metagenomic sequencing of the gut microbiome243-245. In some cases, individual 

microbial families or species can be identified as differentially abundant in responsive patients246, 

and adoptive transfer of stool from responsive patients to germ-free mice can boost response to 

checkpoint blockade246. This latter experiment in particular indicates a causal, rather than 

passenger, role for the microbiome in checkpoint blockade response, though these early studies 

did not establish the mechanism by which microbial influences on distant melanomas or lung 

carcinomas may occur. Orthogonal attempts to dissect these influences are frequently gut-centric; 

the gut microflora play a key role in colorectal cancer progression from colitis in vivo by promoting 

TLR-mediated inflammation at sites of colitic damage, for instance247, in a manner which likely 

impacts colitis-induced colorectal cancer treatment outcomes compared to de novo CRCs.  
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One particularly compelling mechanism by which the gut microbiome influenced a distal 

malignancy was outlined by Ma et al in 2019248 in what proved to be an exemplar of microbially 

derived metabolites impacting anti-tumor immunity. In it, Ma et al utilized an antibiotic depletion 

mechanism to study the microbiome’s impact on the inflammatory state of liver neoplasia. What 

they found was the proportion of primary to secondary bile acids returning from the gut to the liver 

via the enterohepatic loop was passively being sensed by the liver stellate endothelial cells 

(LSEC) in the portal vasculature. When gut microbes are present to hydrolyze bile acids to 

secondary bile acids, LSECs function normally and the liver tumors grow unprovoked. Without 

bacteria, and therefore bacterial hydrolase activity, primary bile acids accumulate in the portal 

vein and are sensed by LSECs. LSECs express and release CXCL16 into the portal vein and into 

the liver. CXCL16 sensing causes recruitment of CCR6+ NKT cells in the liver, which actively clear 

malignant cells248. These data introduce a key paradigm in the influence of the microbiome on 

distal sites – microbially-derived or influenced metabolites are sensed by somatic cells and the 

immune system towards unique functional outcomes. 

Tumor-extrinsic features of immunosuppression and limits on immune checkpoint 

blockade response are inherently more challenging to study than tumor-intrinsic features. 

Determining causality is difficult when processes like lifelong viral infections, allergens, and 

microbiome influences are not easy to translate to an in vivo model system. Characterizing the 

sensors of environmental stimuli in the immune system and further employing human biosampling 

wherever possible will be key to expanding our still limited understanding of factors away from 

the tumor itself. 

Immune Checkpoint Inhibitor Toxicity as a Limit on Response 

 In CheckMate-067, our lodestone phase III trial, toxicity was incredibly high, and yet 

seemingly never more of an acceptable outcome. Overall survival at three years to combination 

ipilimumab and nivolumab therapy was 58 percent; immune related adverse events (irAEs) which 
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led to treatment discontinuation was 39 percent. To an extent, these data can be interpreted as a 

race to remission. The magnitude of immune stimulus induced by combination therapy was such 

that nearly every patient either survived to the end of the three-year observation period, or ended 

treatment because of toxicity. Clinicians could only hope to reach tumor regression endpoints 

before their patients’ toxicities (96 percent in the combination arm had some kind of irAE) became 

too severe or ran into a comorbidity. In many ways, mitigating irAE severity without limiting ICB 

efficacy is the next, distant horizon in the application of immune checkpoint blockade we must 

reach before immune activation can be stimulated further. 

 Immune related adverse events (irAEs) are a heterogeneous collection of 

autoinflammatory conditions138. They can affect most every organ system, and their severity can 

vary widely within that same organ. Gastrointestinal involvement is the classical example of irAEs 

that can progress from mild diarrhea or uncomfortable stools (a Grade I or II presentation), all the 

way to ulcerating, painful colitis (a Grade IV). Grade III and IV irAEs can range from colitis to 

pneumonitis to hypophysitis, but ultimately the conclusion of the patient’s treatment team will 

come down to comorbidities. For the most part, ICB is still used to treat mostly advanced 

melanomas and lung carcinomas, both death sentences without serious interventions. A patient 

will choose to stay on therapy if they can, even after developing Grade III/IV symptoms (in 

CheckMate-067, 59 percent of patients developed Grade III/IV irAEs, but only 30 percent of 

patients discontinued therapy because of their severe irAEs). Having a comorbidity in an irAE-

effected system can be devastating, however, and the patient may have no choice but to withdraw 

from treatment to recover. 

 ICB, still an actively investigational class of therapeutics, is typically administered without 

anti-inflammatory drugs that may blunt efficacy. In some cases, anti-TNF monoclonal antibodies 

or glucocorticoids are given to stave off the worst of the toxicity symptoms, though the limited 

studies on this subject bear mixed results. The dose and breath of time required to effectively 
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mitigate gastrointestinal irAE begins exposing patients to infection risk from 

immunosuppression249, with at least one retrospective study suggesting infliximab treatment may 

have done more harm than good in ICB outcomes250. 

 While treatment options for irAE symptomology are limited (and potentially 

contraindicated), predictive modalities are getting some attention. Circulating factors including the 

proportion of neutrophils vs lymphocytes have demonstrated reproducible predictive correlations 

in immune checkpoint blockade (we even confirm these results ourselves in Chapter 2). An early 

expansion of a more broad cohort of TCR clonalities is also associated with irAE progression in 

ipilimumab-treated patients251, though it’s unclear by which mechanisms some individuals see the 

broad repertoire expansion while some do not. Additionally, at least one study has identified gut 

microbes at baseline with association to gastrointestinal irAE development252, indicating the 

microbiome may play a role in colitis development. The success of stool transplants in ICB-

induced colitis in humans does indicate gut microbes can have a regulatory role on at least 

intestinal inflammation253. 

 Cumulatively, these studies indicate the clinical research community has reached an 

impasse on irAE mitigation. Without tractable techniques for treating toxicity independently of ICB 

efficacy, and assuming stool transplants are not as effective in treating non-colonic irAE, toxicity 

will remain a common barrier to bettering immunotherapy response. Importantly, many of the next 

generation immune checkpoint inhibitors are showing progressive irAE development at higher 

rates than PD1 or even CTLA4 targeting therapies; this is particularly the case for costimulatory 

receptors like OX40, where creative solutions to administration may be necessary161,254 

Metabolites as Effectors of Immunity 

 In covering the determinants of immune checkpoint inhibitor response, research has 

focused on the necessary factors for T-cell expansion following activation at the immune synapse, 

and the tumor microenvironment as a niche which actively controls these factors as a means of 
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immunosuppression. Often, the determinants of T-cell activation are metabolites, small molecules 

that are the diverse foundational units to the macromolecular structures of our cells. Differential 

regulation of metabolites is often focused on indirectly in the study of the immune checkpoint – 

commonly, metabolic pathways are enriched in responder or non-responder dichotomous 

transcriptomics analyses. These studies limit the scope in which metabolic reprogramming is 

considered in immune checkpoint blockade modulation, and lead to outcomes where, when 

therapeutics like indolame-2,3-dioxygenase (IDO) inhibitor epacadostat fail in Phase III clinical 

trials255, the field lacks an obvious next set of metabolic enzymes worth targeting. 

 Here, we’ll review metabolites with immunoregulatory properties, including metabolites 

with important energetic functions for the maintenance and expansion of active lymphocyte 

populations, as well as metabolites which act as second messenger/signaling metabolites. While 

these categories can often overlap (the IDO product kynurenines being ironic examples of one 

such overlap), they segregate metabolites between the nutrient sensing and 

cytokine/costimulatory sensing roles of effector T cells 

Energetic Determinants of Immunity 

  As previously discussed, the acidic and low-oxygen niche of the budding tumor 

microenvironment is a foundation-setting event in the develop of a mature neoplasia. From the 

actions of CREM and HIF1α, respectively74,84,200,256, tumor cells orchestrate Treg and M2-like TAM 

recruitment production of TGFβ and other immunosuppressive cytokines, and importantly the 

upregulation of glycolysis73. Both expanding T-cells and neoplastic cells rely heavily on glycolysis 

and excrete lactate – in fact, competition for free glucose within the tumor is one of the most 

central competitions within the tumor microenvironment. Effector T-cells are highly dependent on 

mammalian target of rapamycin (mTOR) signaling as a metabolic checkpoint before antigen-

primed expansion257. When neoplastic cells outcompete T-cells for glucose, activated T-cells fail 

to expand, glycolysis is stalled, and IFNγ production is reduced, all in an mTOR-dependent 
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manner257. Interestingly, there’s interplay between glycolysis and immune checkpoint efficacy – 

ICB treatment boosts glycolysis and restores IFNγ production from T-cells, but blocking of PD-L1 

on tumor cells specifically downregulates glycolysis in neoplastic cells, also in an mTOR-

dependent manner257,258. Metabolic competition in this and many ways is both a determinant of 

and a product of immune checkpoint blockade outcomes. 

 Amino acid consumption is another competitive front between T-cells and cancer. Of the 

ten essential amino acid (phenylalanine, valine, threonine, tryptophan, isoleucine, methionine, 

histidine, arginine, leucine, and lysine), two amino acids are frequently characterized as 

competitive in the tumor microenvironment. The first is arginine, a classic dependency for rapidly 

proliferating cells, particularly effector T-cell proliferation and maturation. T-cells can metabolize 

arginine to produce energetic polyamines and nitric oxide, an important component of cytolytic T-

cell action259,260. Further, arginine is a necessary component for TCR-zeta chain maturation, 

without which IFNγ production and T-cell proliferation is significantly impaired194. Mature tumors 

adapt to this dependency by recruiting TAMs, which express high levels of the enzyme arginase; 

TAMs release arginase into the extracellular space and catabolize free arginine into ornithine and 

urea, thereby limiting a necessary T-cell energetic metabolite and further increasing the acidity of 

the tumor microenvironment194,260. Arginase inhibition is synergistic with immune checkpoint 

inhibition in preclinical tumor models261, though pharmacological inhibitors have not been 

successfully tested in combination with immune checkpoint blockade. IDO serves an analogous 

function to arginase in its catabolic action on free tryptophan262, though the immunosuppressive 

action of IDO is likely dependent on both depriving T-cells of additional tryptophan and the 

production of tryptophan’s immunomodulatory catabolites, the kynurenine metabolites263. 

Kynurenine and its metabolite kynurenic acid are ligands for the nuclear aryl hydrocarbon 

receptor264. Binding aryl hydrocarbon receptor drives peripheral CD4+ differentiation to Tregs, and 

reduces immunogenic signaling during antigen presentation of dendritic cells265,266. The 
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multifaceted nature of IDO-mediated immunosuppression makes the clinical failure of its 

combination with pembrolizumab particularly disappointing, though preclinical evidence gives us 

clues to why combination treatment may not have been effective. IDO1 is a type-I and type-II 

interferon inducible gene193,195, indicating tumors not already expressing these cytokines in some 

abundance prior to starting combination therapy may not have had enough IDO1 expressed for a 

synergistic effect with pembrolizumab. 

 Finally, a critical and underappreciated metabolic roadblock for a successful immune 

checkpoint blockade-induced effect is the availability of free fatty acids and triglycerides for β-

oxidation, a critical energetic process for the maintenance of central memory and effector memory 

T-cells201,267,268. Following antigen recognition, CD8+ cells deficient in fatty acid oxidation gene 

expression fail to produce memory populations and are lost entirely by 6 weeks267. On the other 

hand, PPAR-γ induction of β-oxidation genes promotes anti-tumoral action of PD1 blockade269, 

though it’s unclear from this study whether fatty acid oxidation was useful for CD8+ memory T-cell 

expansion or if it frontloaded the energetic needs of naïve T-cells which also utilize free fatty acids 

via β-oxidation. Fatty acid utilization is a critical example of overlap between energetic and 

signaling function, considering the fate tumor myeloid cells typically have for free fatty acids. 

Bioactive Signaling Metabolites 

 Fatty acids are stored in the plasma membranes of cells via esterification and metabolized 

as necessary for the cell’s energetic needs. However, in some cases, these same fatty acids can 

be processed by intracellular oxygenases and isomerases to form a diverse array of bioactive 

signaling lipids. The eicosanoid family, named for the 20-carbon chain length of the common 

progenitor arachidonic acid, is a collection of oxylipins that are released by cells for a diverse 

array of immunoregulatory functions270. Arachidonic-derived prostaglandins and leukotrienes are 

pernicious signaling molecules; two chemically related eicosanoids can be a potent 

vasoconstrictor271 or vasodilator272; they can be GPCR-dependent inducers of inflammation273,274 
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or GPCR-dependent pro-resolution signaling molecules275. The functional complexity of these 

lipids is in no way limited by their structural modularity, a (usually) enzymatic process called class-

switching by which eicosanoids can subsume entirely new signaling roles to adapt to changing 

inflammatory contexts273,276. 

 Broad generalizations of eicosanoids are still possible, however – polyunsaturated fatty 

acids like arachidonic acid are first liberated from membrane phospholipid by the activity of 

phospholipase A2. From there, the free fatty acid’s fate is determined by which oxygenase it sees 

next. COX1 and COX2 are the most pleiotropic and generally (far from exclusively) produce pro-

inflammatory prostaglandins. COX is the target of non-steroidal anti-inflammatory (NSAID) 

therapies like aspirin, which has the unusual pharmacological effect of irreversibly inhibiting COX1 

and promoting the acetylation of COX2277. Acetylated COX2 shunts its enzymatic activity to the 

production of the intermediate prostaglandin 15(R)-HETE, which is then metabolized by 5-

lipoxygenase (5-LOX) to produce leukotrienes, mediators of leukocyte recruitment and 

bronchochonstriction278. Additional chemical diversity is provided by 8-, 12-, and 15-LOX, which 

synthesize additional immunoregulatory lipoxins279,280. Eicosanoids broadly signal through 

GPCRs and PPAR nuclear receptors269,279,281. 

 Eicosanoids have only been characterized superficially in their role at the immune synapse 

and in immune checkpoint inhibitor outcomes. COX inhibition promotes anti-PD1 efficacy in vivo, 

potentially for the immunosuppessive character of prostaglandin E2 (PGE2) on type-I interferon 

production282,283, or by suppression of NK-mediated conventional dendritic cell recruitment to the 

tumor microenvironment284. There’s additional evidence that dendritic cell-derived PGE2 

coordinates a more immunosuppressive microenvironment through higher Treg to Th-17 

cellularity ratios285. 

 Beyond eicosanoids there are a wealth of bioactive signaling lipids, including most 

lysolipids286-288, endocannabinoids289,290, and sphingolipids291,292. There’s even an additional layer 
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of potential signaling diversity – lysophosophoethanolamines and lysophosphocholines can be 

metabolized by COX to produce eicosanoid-like lysolipids with uncharacterized signaling 

function293. Bioactive signaling lipids are a wealth of functional regulators of inflammation which 

have yet to be effectively characterized in immune checkpoint blockade outcomes. 
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Chapter 1: Reprogramming Purine Metabolism to Boost Tumor STING/Type-I Interferon 

 

Cellular sensing of extracellular purine nucleosides triggers an innate IFNβ response 
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Abstract 

Mechanisms coupling immune-stimulatory DNA danger signals in the extracellular 

environment to innate sensing pathways in the cytosol are poorly understood. Here we identify a 

novel immune-metabolic axis by which cells respond to purine nucleosides and trigger a type I 

Interferon β response. We find that depletion of ADA2, an ecto-enzyme that catabolizes 

extracellular dAdo to dIno, or supplementation of dAdo or dIno stimulates IFNβ. Under conditions 

of reduced ADA2 enzyme activity, dAdo is transported into cells and undergoes catabolysis by 

the cytosolic isoenzyme ADA1, driving intracellular accumulation of dIno. dIno is a functional 
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innate immune-metabolite that interferes with the methionine cycle by inhibiting SAM synthetase. 

Inhibition of SAM-dependent cellular trans-methylation drives epigenomic hypomethylation and 

over-expression of immune-stimulatory endogenous retroviral elements that induce IFN by 

engaging cytosolic dsRNA sensors. We uncovered a novel cellular signaling pathway that 

responds to extracellular DNA-derived metabolites, coupling nucleoside catabolism by adenosine 

deaminases to cellular IFN production.  

 

MAIN TEXT 

Introduction 

Innate immunity is a universal cellular response to pathogenic threats. Upon sensing 

infection, damage, or genotoxic stress, susceptible cells activate innate immune signaling 

cascades such as the IFNβ axis. IFNβ is a pleiotropic cytokine that signals via the type I interferon 

receptor (IFNAR) to exert autocrine and paracrine effects on cellular growth, apoptosis, and 

immune cell activation, ultimately playing an essential role in propagation and resolution of the 

inflammatory response294. IFNβ is produced during the course of infection, neoplastic 

transformation, cancer immunotherapy, and auto-immune disease due to cellular recognition of 

atypical or mis-localized nucleic acids, which is precipitated by intrinsic and extrinsic sensing 

mechanisms295,296. Cell-intrinsic RNA or DNA ligands derive from internalized viruses and 

bacteria, or from host-cellular sources such as damaged mitochondria, stalled replication forks, 

or endogenous retroviral elements encoded within the genome. Inside the cell, these aberrant 

nucleic acids are recognized by cytoplasmic sensors such as retinoic acid-inducible gene-I (RIG-

I), melanoma differentiation-associated protein 5 (MDA5) or cyclic GMP-AMP synthetase (cGAS). 

Engagement of innate cytosolic sensors in turn activates key signaling adaptor proteins including 

mitochondrial antiviral signaling (MAVS) or stimulator of interferon genes (STING), which drive 

IFN production.  
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How extracellular nucleic acids engage cytosolic sensors is incompletely understood. 

Mammalian DNA is a damage-associated molecular pattern (DAMP) with immune-stimulatory 

activity that largely depends upon recognition by internal sensors 297. Specialized phagocytic cells, 

including monocytes, macrophages and dendritic cells, may engulf extracellular DNA fragments 

to access the cytosolic machinery. However, it is unclear how non-phagocytic or stromal cells 

respond to extracellular DNA danger signals, or whether extracellular DNA-derived metabolites 

generated by the activity of endonucleases and other nucleic acid modifying enzymes can act in 

an extrinsic or paracrine manner to modulate the innate immune response.   

 

Here we describe a novel cellular response to the extracellular purine nucleoside dAdo, 

which stimulates IFNβ and an IFNβ-driven innate immune response in a paracrine manner. We 

show that loss of extracellular ADA2 enzyme activity in stromal endothelial cells drives increased 

cellular uptake of extracellular dAdo. Upon transport into the cell, dAdo is catabolized by the 

cytosolic isoenzyme ADA1 to yield dIno, which specifically accumulates inside ADA2-depleted 

cells. dIno is a functional immune-metabolite that perturbs cellular metabolic reactions which 

suppress expression of endogenous retroviral elements, immune-stimulatory molecules that 

directly engage innate cytosolic sensors for dsRNA. Our novel results suggest that metabolism of 

extracellular DNA or nucleoside danger signals, which are released during ischemia, infection 

and tumor growth, is a key regulatory checkpoint during physiological inflammation. These 

regulatory mechanisms are likely abolished in human metabolic syndromes such as ADA2 or 

Purine Nucleoside Phosphorylase (PNP) deficiency diseases, which manifest as profound 

immunological dysregulation characterized by systemic inflammation and inappropriate induction 

of IFNβ as well as other innate pro-inflammatory cytokines.  
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Results  

Loss of ADA2 triggers spontaneous IFNβ production 

Gene mutations in molecules of the innate cytosolic sensing machinery drive systemic 

inflammatory diseases in humans due to excessive IFNβ production 298. We reasoned that new 

mechanistic insights into innate immune sensing and molecular triggers of inflammation could be 

gained by examining functionally uncharacterized disease-associated genes. Search of the 

Online Mendelian Inheritance in Man (OMIM) database identified thirty-eight syndromes of 

systemic inflammation resulting from a single, sequence-verified gene mutation (Table S1.1). To 

examine whether these candidate genes regulate IFNβ pathway activation, in situ 

immunofluorescence was used to assess inducible nuclear translocation of the transcription factor 

Interferon Regulatory Factor 3 (IRF3) 299, which directly trans-activates the IFNβ promoter locus. 

Upon transfection with immune-stimulatory poly (dA:dT) DNA, IRF3 translocation and IFNβ 

mRNA levels were quantified in primary human umbilical vein endothelial cells (HUVEC) and 

other endothelial-lineage cells (Figure S1.1A-B). Forward genetic screening in HUVEC confirmed 

STING and Three Prime Repair Exonuclease I (TREX1), an inhibitor of DNA sensing through 

STING, as positive and negative regulators of IRF3/IFNβ, respectively. Results identify ADA2 as 

a new negative regulator of IRF3 activation (Table S1.1 and Figure. 1.1A).  

 

To ascertain whether loss of ADA2 drives spontaneous IRF3 activation in the absence of 

exogenous stimulation, phosphorylation of IRF3 and auto-phosphorylation of the IRF3 kinase 

TBK1 were examined in ADA2 knockdown cells. Western blotting with phospho-specific 

antibodies demonstrated spontaneous phosphorylation of IRF3 and TBK1 in siADA2-treated or 

siTREX1-treated cells compared to a control, non-targeting siRNA (Figure 1.1B). IFNβ mRNA 

levels were also spontaneously elevated in ADA2-depleted cells (Figure 1.1C), and were further 
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enhanced upon infection with human cytomegalovirus, a β-herpesvirus that induces a robust 

cellular IFNβ response 299. Induction of an IFNβ-stimulated gene signature in unstimulated 

siADA2-treated cells was observed using whole-genome transcriptome analysis (Figure 1.1D). 

Differentially expressed transcripts in this dataset included genes encoding pro-inflammatory 

cytokines, chemokines, and innate immune response proteins (Figure 1.1E). These findings are 

concordant with previous observations that IFN-associated gene expression signatures are 

detectable in peripheral blood cells from ADA2-deficient patients 300. Application of a neutralizing 

antibody for IFNβ confirmed autocrine/paracrine IFNβ-driven signaling in ADA2-depleted cells 

(Figure 1.1F). Together, results establish ADA2 as an inhibitor of spontaneous IFNβ production. 

 

Human endothelial cells express functional ADA2  

We next sought to determine the mechanism by which ADA2 regulates innate immunity. 

Human ADA1 and ADA2 are isoenzymes that catalyze the irreversible deamination of adenosine 

(Ado) and deoxyadenosine (dAdo) to inosine (Ino) and deoxyinosine (dIno), respectively 301,302. 

ADA2 mRNA transcripts are broadly expressed in human immune cells 303(Figure S1.2A), and 

were detected in the monocytic cell line U937 as well as multiple primary human endothelial 

lineage cells by qRT-PCR (Figure 1.2A) and RNAseq in HUVEC (Figure S1.2B). A prior report 

failed to detect intracellular ADA2 protein or enzyme activity in HUVEC 304. However, ADA2 is an 

ecto-enzyme possessing a classical signal peptide 305, and extracellular ADA2 protein was 

detectable in cultured supernatants of U937 and human endothelial cells by ELISA (Figure 1.2B) 

and western blotting (Figure 1.2C). In HUVEC, siADA2 reduced ADA2 mRNA levels by ~75 % 

with no cross-reactivity against ADA1 (Figure S1.2C). Similarly, siADA1 reduced ADA1 mRNA 

levels by ~90%, with no cross-reactivity towards ADA2 (Figure S1.2D). Analysis of deaminase 

activity, measured through de novo conversion of 15N-labeled dAdo to dIno by mass 

spectrometry, demonstrated that >90% of intracellular ADA activity measured in HUVEC whole 
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cell lysate was specifically reduced by ADA1 depletion, and unaffected by ADA2 depletion (Figure 

1.2D). In contrast, extracellular ADA activity measured in HUVEC supernatant was reduced >75% 

by specific depletion of ADA2, with ADA1 accounting for a minority of extracellular activity (Figure 

1.2D), recapitulating results obtained in human plasma 306. To confirm ADA2-specific activity in 

HUVEC supernatants, dAdo to dIno conversion was measured in the presence of ADA2 siRNA 

and 50 µM erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) to selectively inhibit ADA1 activity 

(Figure S1.2E). Together, experiments demonstrate functional expression of extracellular ADA2 

by HUVEC.  

 

 

 

ADA2 and dAdo are paracrine modulators of IFNβ  

To examine whether extracellular ADA2 activity regulates IFNβ, enzyme add-back 

experiments were performed in ADA2-depleted cells using recombinant ADA proteins. Addition 

of rADA2 inhibited spontaneous induction of IFNβ, CCL5, and CXCL10 mRNA in siADA2-treated 

HUVEC (Figure 1.2E). Notably, rescue effects accompanied reconstitution of extracellular ADA 

activity to wild type levels, and were inhibited by pentostation, a general inhibitor of adenosine 

deaminase activity. Prior reports suggest that extracellular ADA2 may function independently of 

its enzyme activity by exerting growth factor-like effects on cells 301,305. To confirm involvement of 

ADA enzyme activity in immune activation, rADA1 was added to ADA2-depleted cells, resulting 

in rescue of cytokine expression and extracellular ADA activity (Figure 1.2E). Given the essential 

role of extracellular purine nucleoside deaminase activity in suppressing expression of innate 

cytokines, U937 cells were supplemented with exogenous nucleosides and innate immune 

responses examined. Supplementation of dAdo specifically induced IFNβ (Figure 2F), suggesting 

that both ADA2 and dAdo act in a paracrine manner to modulate cellular innate responses. 
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Accordingly, co-culture of siADA2-treated HUVEC with untreated U937 cells provoked 

spontaneous IFNβ production in bystander U937 cells (Figure 1.2G), confirming paracrine or non-

cell autonomous effects of ADA2 in HUVEC.  

 

Loss of ADA2 drives intracellular dAdo catabolism and accumulation of dIno  

Extracellular Ado and dAdo are bioactive molecules that signal to immune cells during 

pathological inflammation 307,308. Ado and dAdo are released into the microenvironment in an 

autocrine/paracrine fashion or produced upon degradation of extracellular nucleic acids. Ado, but 

not dAdo, primarily signals via G-protein coupled purinergic adenosine receptors (AdoR) (Figure 

1.3A), which elicit pleiotropic immune-modulatory effects. Alternatively, dAdo may be transported 

into cells via the action of nucleoside transporters. Vascular endothelial cells express relatively 

high levels of equilibrative nucleoside transporters (ENT) (Figure 1.3B) that enable rapid and 

efficient clearance of dAdo from the blood 309, and may render these cells particularly sensitive to 

the effects of ADA2 deficiency and dysregulation of extracellular dAdo metabolism. Accordingly, 

incubation of HUVEC with 15N-labeled dAdo resulted in rapid cellular uptake and equilibration of 

intracellular and extracellular dAdo pools within 5 minutes (Figure 1.3C). Pre-treatment with 

dipyridamole (DPM), a pharmacological inhibitor of ENT-mediated dAdo transport, reduced 

expression of the IFNβ and the IFNβ-driven gene signature in ADA2-depleted cells (Figure 1.3D). 

Results indicate that cellular nucleoside transport of dAdo is essential for IFNβ production driven 

by reduced ADA2 enzyme activity.  

 

Once taken up by cells, dAdo is metabolized through intracellular purine salvage and/or 

degradation pathways 308 (Figure 1.4A), which may yield downstream effector molecules that 

influence innate signaling. To assess potential intracellular fates of consumed extracellular dAdo, 

global mass spectrometry-based metabolomics was performed 310. Comprehensive analysis of 
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metabolites revealed intracellular accumulation of dIno and its downstream catabolite 

hypoxanthine in ADA2-depleted cells relative to control cells (Figure 1.4B-C), while other purine 

metabolites including dAdo and Ado were not changed (Figure S1.3A). These results show that 

loss of ADA2 activity dysregulates cellular purine catabolism, and imply a compensatory 

mechanism by which extracellular dAdo is catabolized inside the cell. Consistent with this, 

addition of extracellular 15N-labeled dAdo drove rapid intracellular accumulation of labeled dIno 

product in ADA2-depleted cells (Figure 1.4C). Intracellularly, dIno is produced from consumed 

dAdo by ADA1 (Figure 1.4A). Depletion of ADA1 in ADA2-knockdown cells suppressed both 

IFNβ expression and dIno production, demonstrating a functional role for ADA1 in producing 

intracellular dIno in the setting of ADA2 deficiency (Figure 1.4D and Fig. S1.3B-C). In contrast, 

increasing intracellular dIno pools by silencing its catabolic enzyme PNP, or silencing the cellular 

enzyme deoxy-cytidine kinase (dCK), an alternative enzyme for intracellular metabolism of dAdo 

(Figure 1.4A), increased IFNβ levels (Figure 1.4D and Fig. S1.3C). Consistent with these 

observations, supplementation of exogenous dIno, but not Ino or hypoxanthine, was sufficient to 

trigger IFNβ mRNA production (Figure 1.4E and Fig. S1.3D), supporting a novel functional role 

for dIno in the cellular innate immune response.  Notably, the immune-stimulatory effect of 

exogenous dIno was sensitive to DPM (Figure S1.3D), and was enhanced by pre-treatment with 

9-deazaguanine (Figure 1.4E), which inhibits intracellular and extracellular catabolism of dIno by 

PNP. Data show that dIno accumulates intracellularly in ADA2-depleted cells due to the activity 

of ADA1, and functions as an immune-metabolite that is both necessary and sufficient for IFNβ 

induction.  

 

dIno inhibits the cellular methionine cycle via S-Adenosylmethionine synthetase  

We next sought to determine the mechanism by which dIno acts as an immune-metabolite 

and functional regulator of innate immune signaling. Intracellularly, nucleosides and their 
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analogues or metabolites interface with multiple cellular processes including trans-methylation 

311. Loss of ADA2 was associated with steady-state reduction in relative levels of L-cystathionine, 

a downstream metabolite in the methionine cycle (Figure S1.4A). To further examine methionine 

metabolism, time-course stable isotope tracing was performed with U-13C-methionine 312,313. 

Intracellular methionine metabolite pools were fully labeled within minutes of exposure to 

extracellular label, while S-adenosyl-methionine (SAM) and its downstream metabolite S-

adenosylhomocysteine (SAH) acquired labeling over time (Figure S1.4B). The methionine M+4 

mass isotopomer was consistently measured at ~2 % (Figure S1.4C), suggesting a truncated 

cycle with little re-methylation of homocysteine into methionine. Upon ADA2 depletion, SAM and 

SAH pools exhibited slower labeling over time relative to controls, and model-based metabolic 

flux analysis 312 revealed impaired cycle flux through the SAM synthetase (MAT) and methyl-

transferase (MT) reactions (Figure 1.4F). In vitro enzyme activity assays demonstrated that dIno, 

and to a lesser extent dAdo but not the nucleoside cytidine, directly inhibited MAT activity (Figure 

1.4G). Accordingly, pharmacological inhibition of MAT using cycloleucine induced IFNβ (Figure 

1.4H), phenocopying the effects of ADA2 deficiency or dIno accumulation and suggesting a role 

for MAT inhibition in the immune-stimulatory effects of dIno. The MAT product SAM serves as a 

methyl donor for multiple enzymatic reactions, including DNA methyl-transferase (DNMT)-

dependent methylation of genomic cytosine bases (Figure 1.4F). Accordingly, inhibition of DNMT 

using 5-azacytidine induced IFNβ (Figure 1.4H). To examine the status of genomic trans-

methylation in ADA2-depleted cells, labeled methionine was used to monitor incorporation of 

methyl groups onto cytosine residues in genomic DNA. Control cells steadily accumulated labeled 

methyl-cytosine, reaching ~20-25 % of genomic methyl-cytosine over 72 hours. In contrast, cells 

depleted of ADA2 or DNMT (Figure 1.4I) as well as dIno-supplemented cells (Figure S1.4D) all 

demonstrated reduced de novo DNA methylation as early as 24 hours after the addition of label. 

These data demonstrate that dIno directly inhibits the activity of MAT and the methionine/SAM 
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cycle, with subsequent reduction of genomic DNA trans-methylation upon loss of ADA2 or 

supplementation with dIno.  

 

 

Induction of methylation-sensitive endogenous retrovirus elements triggers IFNβ  

Endogenous retrovirus elements (ERV) encode a diverse family of germline immune-

stimulatory dsRNA-like molecules whose dynamic expression is particularly sensitive to genomic 

DNA hypomethylation. Over-expression of ERV in cells is directly linked to IFNβ production due 

to engagement of innate immune dsRNA sensing pathways 314,315. Indeed, loss-of-function studies 

confirmed that the cytosolic dsRNA sensors RIG-I and MDA5 as well as the dsRNA signaling 

adaptor MAVS drive spontaneous IFNβ production upon depletion of ADA2 (Figure 1.5A and 

Figure S1.5A). Analysis of transcriptomic data obtained in ADA2-depleted cells to specifically 

examine expression of long terminal repeat (LTR)-containing genomic sequences, which 

comprise a large portion ERV elements, revealed over-expression of >30 LTR-containing ERV-

like molecules (Figure 1.5B). Furthermore, ERVFRD-1 and ERVK28 genes were highly induced 

after supplementation with dIno or depletion of ADA2 (Figure 1.5C-D). Importantly, augmented 

expression of ERV in dIno-treated cells (Figure 1.5C, 24H) or ADA2-depleted cells (Figure 1.5D, 

24-48H) was detectable prior to induction of IFNβ mRNA (Figure S1.5B, 72H) and occurred 

independently of autocrine/paracrine IFNβ-driven signaling (Figure 1.5E and S1.5F). To confirm 

immune-stimulatory effects of ERV, transcript variants of ERVK28 were over-expressed in 

HUVEC, resulting in spontaneous induction of IFNβ, CCL5 and CXCL10 (Figure 1.5F). Results 

demonstrate that over-expression of immune-stimulatory ERV in ADA2-depleted cells drives the 

IFNβ response. 

 

Discussion  
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Here we report for the first time a new cellular strategy for triggering IFNβ production by 

extracellular dAdo (Figure 1.6). Loss of the ecto-enzyme ADA2 or direct supplementation of 

exogenous dAdo drives cellular transport and catabolism by the cytosolic enzyme ADA1, driving 

de novo dIno production and dIno accumulation inside ADA2-depleted cells. dIno is a functional 

immune-metabolite that directly inhibits the cellular methionine cycle at the level of MAT, thereby 

suppressing cellular trans-methylation reactions. Genomic hypomethylation provokes over-

expression of immune-stimulatory ERV transcripts, including ERVK28 and ERVFRD-1, which 

trigger IRF3 activation and IFNβ. Thus, purine nucleoside regulation by ADA2 and other enzymes 

of extracellular DNA metabolism is likely an important determinant of IFNβ and IFNβ-driven gene 

expression in inflammatory microenvironments, where inappropriate release and accumulation of 

cell-free DNA and its nucleoside by-products accompanies infection, ischemic injury, and tumor 

growth. 

 

The ADA2/ADA1 axis controls bio-activity of purine nucleoside metabolites 

Results presented here show for the first time that cellular innate immunity is triggered by 

a unique immune-metabolic axis that balances competing, compartmentalized adenosine 

deaminase activities in the extracellular and cytosolic spaces. Differential effects of ADA2 and 

ADA1 depletion on IFNβ expression in HUVEC underscores the complex nature of bio-active 

purines in modulating immune cells and inflammation. In the extracellular space, Ado exerts 

pleiotropic effects upon innate and adaptive immune cells from signals generated via purinergic 

G-protein coupled receptors or ligand-gated ion channels 307. Due to broad expression of the A2A 

and A2B adenosine receptor isoforms (AdoR) in the immune compartment, Ado exerts 

predominantly anti-inflammatory effects on cells. Here we show for the first time that extracellular 

dAdo exerts a pro-inflammatory effect due to triggering of cellular IRF3 activation, IFNβ 

production, and an IFNβ-driven innate immune response that up-regulates an array of pro-

inflammatory cytokines, chemokines and signaling proteins (Figure 1.1D).  Ultimately, the 
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magnitude, duration, and outcome of immune-suppressive and immune-stimulatory purine 

signals at a given immunological niche will depend upon metabolic activities of cellular purine 

salvage or degradation enzymes, as well as ecto-nucleases and ecto-nucleotidases such as 

DNAse I, CD39 and CD73 that catalyze Ado and dAdo production from cell-free RNA or DNA in 

circulation. These enzymes are the key targets for modulating the purine pathway and thus 

developing novel strategies for immune-therapy.   

 

In HUVEC, ADA activities are compartmentalized such that ADA2 accounts for >75% of 

extracellular activity, and ADA1 accounts for all intracellular activity (Figure 1.2D). Extracellular 

activity in HUVEC conditioned supernatants accurately reflects human plasma, where total 

circulating ADA activity measured in healthy individuals correlates with the ADA2-specific activity 

306,316. Indeed, median ADA1 activity measured in normal human plasma accounts for ~25% 306, 

recapitulating results obtained here using gene-specific siRNAs. Despite data from multiple 

studies demonstrating that ADA2 accounts for the majority of extracellular ADA activity 

measured in human plasma, it has nonetheless been postulated that ADA2 plays a minimal role 

regulating purine metabolism in vivo. This is variously attributed to the particular biochemical 

properties of ADA2, putative growth factor-like properties of ADA2 and lack of Ado/dAdo 

elevation in DADA2 patient plasma.  Importantly, data obtained using rADA2 and rADA1 proteins 

(Figure 1.2E) or dAdo supplementation (Figure 1.2F) unequivocally demonstrate that ADA 

enzymatic activity regulates IFNβ expression. Regarding the biochemistry of ADA2, many early 

studies reporting enzyme reaction rate and substrate affinity were obtained using purified protein 

preparations that are highly unstable 302, and may have underestimated the actual enzyme 

activity in vivo. Further, ADA2 activity assays in plasma and cell-conditioned supernatants 

typically use relatively high nucleoside concentrations (e.g. 1 mM), however our results were 

fully recapitulated at a range of dAdo concentrations as low as 100 nM (I Mathews and S Sharma, 

unpublished results). Notably, ADA2 exhibits a broadly-optimal pH range compared to ADA1 
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301,302, suggesting it may be particularly suited to pathological conditions when release of lactic 

acid or reduced blood flow/hypoxia drive pH down, significantly affecting normal metabolic 

activities and potentially impairing ADA1. Indeed, circulating ADA2 activity is specifically 

increased upon HIV infection 317, chronic hepatitis 318, rheumatoid arthritis 319 and tuberculosis 

320, and has repeatedly been proposed as a diagnostic tool or surrogate bio-marker for multiple 

human inflammatory diseases. Our new mechanistic insights regarding cellular innate immunity 

provide a key missing component in our understanding of ADA2 as a functional regulator of 

immunity rather than a passive bio-marker of inflammation.  

While ADA2 possesses a signal peptide that directs trafficking through classical protein 

secretion pathways, intracellular protein stores are selectively retained in the cytoplasm of 

myeloid cells and mobilized upon cellular stimulation. In contrast to endothelial cells examined, in 

which intracellular ADA2 protein 304 and enzyme activity (Figure 1.2D) is undetectable, monocytes 

and macrophages retain ADA2 inside cells 304. Upon cellular stimulation with phorbol esters and 

calcium ionophore, intracellular stores of ADA2 are acutely mobilized into the extracellular space 

321, likely contributing to increased ADA2 activity observed in vivo in human plasma. 

Transcriptional profiles obtained from unbiased analysis of human hematopoietic cell subsets 303 

revealed broad expression of ADA2 mRNA in many immune cell types (Figure S1.2A), where 

regulated retention and release of ADA2 might be at play during the course of physiological 

inflammation in vivo. Elucidating the specific signals that regulate inducible ADA2 activity during 

inflammation will require developing an appropriate multi-cellular, immune-competent system in 

which ADA1 and ADA2 expression and compartmentalization are conserved.  

 

Extrinsic sensing of DNA danger signals 

Like ADA2, extracellular accumulation of bio-active nucleosides also occurs during 

inflammation, due to acute damage to cells and tissues 307. Driving local concentrations of 
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extracellular nucleotides and nucleosides well above their homeostatic levels in circulation could 

exceed the catabolic capacity of ADA2 enzyme activity, pushing cellular equilibrium in favor of 

nucleoside uptake by the vascular endothelium and other cells. Indeed, both Ado and dAdo 

typically display a half-life of seconds in circulation due to rapid and efficient uptake by vascular 

endothelial cells 309, which express relatively high levels of nucleoside transporters (Figure 1.3B) 

and may confer particular sensitivity to the functional effects of ADA2 deficiency and extracellular 

dAdo. 

Acute elevations of extracellular ATP and Ado up to micromolar concentrations has been 

quantified in vivo upon ischemia in the brain 322 and heart 323. Extracellular accumulation of dAdo 

is less well documented, however a recent unbiased metabolic characterization of myocardial 

infarction in humans showed that sustained plasma elevations of dAdo occured during the 

reperfusion phase of ischemic tissue 324, when the bulk of vascular injury and inflammation occurs. 

Interestingly, ischemia/reperfusion injury provokes a robust innate type I Interferon response 325, 

which is likely to be impacted by the dAdo-dependent mechanism reported here. In the solid tumor 

microenvironment, chronic elevation of Ado at micromolar concentrations plays a critical role in 

modulating tumor-infiltrating immune cells 326. dAdo is also elevated in tumor interstitial fluid from 

mouse B16 melanomas relative to serum concentrations (I Mathews and S Sharma, unpublished 

results). Notably, induction of ERV in tumors drives a protective anti-tumor IFNβ response314 

associated with increased survival315, suggesting that enhanced dAdo uptake may play a 

protective role in the tumor microenvironment by boosting tumor immune surveillance.  

Cell-free DNA also accumulates in circulation during pathological inflammation 297, and 

dAdo may be produced upon breakdown of extracellular DNA by circulating DNAse I 327. This is 

particularly relevant for infections and other pathological processes that stimulate the formation 

of neutrophil extracellular traps (NETs), a unique form of cell death in which decondensed 

chromatin is released into the extracellular environment by activated neutrophils. Interestingly, a 
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recent study reported enhanced NETosis in cells from DADA2 patients, which was linked to 

increased Ado signaling via adenosine receptors expressed on neutrophils 328. Thus, it is likely 

that increased NETosis, subsequent release of cellular DNA coupled and dysregulated dAdo 

metabolism in ADA2 patients could synergize to drive innate cytokine responses in DADA2 

patients.  This is of relevance for microbial infections in which excessive neutrophil activation 

drives pathogenic inflammation, such as the novel coronavirus COVID-19 which drives 

excessive NETosis and cytokine-driven pathogenic inflammation in the human lung 329.  

Clarifying the cellular and molecular mechanisms governing extracellular DNA-DAMP 

signaling will be necessary to understand how protective or pathogenic inflammatory signals are 

initiated, propagated and amplified during the course of an inflammatory episodes. In this regard, 

specialized myeloid cells can sense and respond to immune-stimulatory DNA triggers using both 

cell-intrinsic and cell-extrinsic mechanisms. This signaling diversity enables these specialized 

cells to report intrinsic inflammatory provocations or amplify extrinsic signals. Accordingly, here 

we show that monocytic cells respond to paracrine effects of ADA2 and dAdo by triggering IFNβ. 

Whether non-phagocytic or stromal cells can sense external DNA-DAMP triggers, allowing them 

to amplify inflammation in response to external innate ligands, is unclear. Our results in HUVEC 

establish purine nucleosides as broadly-acting immune-stimulatory agents of sterile inflammation, 

and implicate cellular sensing of extracellular purines as a unique modality enabling non-

specialized cells to fulfill a specialized innate immune function by responding to DNA-DAMP 

signals originating from distal cell damage.  This is relevant to the as-yet incomplete 

understanding of the origins of innate inflammatory signals in human autoimmune disease and 

vasculitis, and our data suggest that stromal cells of the vascular endothelium are initiators of 

inflammatory signals rather than bystanders. 

 

ADA2 deficiency disease 
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Our novel results linking reduced ADA2 ecto-enzyme activity and dysregulated purine nucleoside 

signaling to spontaneous IFNβ production may expand our understanding of the complex and 

seemingly conflicting patho-biology of ADA2 deficiency disease (DADA2), a poorly understood 

immunological disease affecting several hundred patients worldwide, primarily children. Many 

patients with DADA2, whose clinical diagnosis is contingent upon specific reduction of serum 

ADA2 enzyme activity or loss-of-function mutations in the ADA2 gene 304,330, experience clinical 

symptoms ranging from multi-organ vascular inflammation of brain, skin, and kidneys to primary 

immune-deficiency due to bone marrow failure. Our data show that ADA2 deficiency exerts 

paracrine effects on the immune response that directly relate to dysregulated dAdo/dIno 

metabolism. Notably, extracellular accumulation of dAdo was not observed in ADA2-deficient 

HUVEC nor was it required for spontaneous IFNβ induction (Figure 1.3B). Rather, ENT and 

ADA1-dependent production of dIno, dysregulation of genomic DNA methylation and ERV 

induction drove cellular IFNβ production. DADA2 patients do not exhibit steady-state elevations 

of dAdo in blood 304, however intracellular measurements of purines and ERV have not been 

reported in myeloid and stromal cells from these individuals. Further, since steady-state levels of 

dAdo measured in systemic circulation do not necessarily reflect localized or dynamic changes in 

dAdo levels in inflamed tissues or organs, development of an appropriate in vivo or multi-cellular 

system will be required to accurately assess effects of ADA2 deficiency on dynamic changes in 

dAdo levels.  

 

Striking similarities exist between ADA2 deficiency disease and other metabolic syndromes of 

purines in humans; approximately one third of patients harboring loss-of-function mutations in 

PNP, the enzyme that catabolizes dIno, present with elevated levels of dIno and autoimmune 

manifestations 331. These include systemic lupus erythematosus, a disease of multi-organ 

autoinflammation and vasculitis, in which elevated type I IFN production is causally implicated. 

Recently, an unbiased genetic analysis of human SLE identified missense single nucleotide 
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polymorphisms in the coding region of the PNP locus, which correlated in a dose-dependent 

manner to low PNP expression, low PNP enzyme activity and high circulating levels of IFN 332. 

The mechanism of IFN up-regulation is unknown, but may interface with the novel mechanism 

described here. The overlapping immunological manifestations of DADA2 and PNP deficiency 

disease, which run the spectrum of immune deficiency to autoimmunity, support overlapping 

immune-modulatory mechanisms involving purine nucleosides.   

 

The functional significance of IFNβ in the patho-biology of DADA2 or PNP deficiency disease is 

not well understood. Notably, IFNβ-driven signaling promotes immune cell activation and drives 

additional inflammatory cytokines, including TNF. Notably, elevated TNF is not detectable in the 

serum in DADA2 patients, however its functional relevance in driving vascular inflammation in 

DADA2 arises from the clinical observation that inhibitors of TNF effectively control symptoms of 

inflammatory vasculopathy and prevent strokes 333. Importantly, both IFNβ and TNF are functional 

drivers of pathology in systemic lupus erythematosus 334. In macrophages, TNF induces low levels 

of IFNβ, and autocrine TNF signaling synergizes with autocrine IFNβ signaling to enhance the 

expression of pro-inflammatory genes. Notably, neither control nor ADA2-depleted HUVEC do 

not express detectable levels of TNF, either at baseline or in response to innate ligands and virus 

infection (R. Dhanwani and S. Sharma, unpublished results). However, our data support a 

paracrine effect for IFNβ produced by vascular endothelium in driving TNF expression in 

macrophages. Imbalanced macrophage polarization towards the pro-inflammatory M1 

macrophage phenotype is characteristic of DADA2 disease by 304, and M1 macrophages are a 

primary source of TNF in vivo. IFNβ-driven signaling actually drives M1 polarization, through 

activation of the transcription factor STAT1 and up-regulation of M1-promoting cytokines CXCL10 

and CXCL9 335. Thus, our data support a model whereby spontaneous IFNβ produced by vascular 

endothelium can drive down TNF production by M1 macrophages.  
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A primary limitation of our study is an absence of in vivo corroboration that ADA2 deficiency or 

extracellular purine nucleosides drive IFNβ production in stromal and immune cells. This is 

compounded by the lack of conservation of ADA2 in the mouse, and the heterogenous nature of 

DADA2 disease, which likely affects many different cell types due to autocrine/paracrine activities 

of ADA2 and purine nucleosides as well as the variable nature of extracellular purine 

accumulation. Future studies centered on studying other regulatory enzymes of purine nucleoside 

metabolism using mouse models of tumor growth, infection or ischemia, as well as studies of both 

stromal and immune cells isolated from DADA2 patients undergoing acute manifestations of 

inflammatory disease will be required to further understand the complex balance between the pro-

inflammatory and anti-inflammatory activities of purine nucleosides in human disease.  
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Figure 1.1: Loss of ADA2 triggers spontaneous IFNβ production. 

A) siRNA screen of 38 human disease genes in HUVEC (Table S1), quantifying IRF3 nuclear 
translocation upon poly (dA:dT) DNA treatment (200 ng/mL for 3h). Averaged ranked Z score for 
each gene-specific siRNA oligonucleotide pool is represented. STING, TREX1 and ADA2 scores 
are indicated in red (n=3 technical replicates for n=3 biological replicates, >200 single cells per 
technical replicate). (B) Western blot analysis of siControl, siADA2 or siTREX-transfected HUVEC 
lysates (35 ug/lane). Image J quantification of the intensity ratio between phospho-IRF3/pan IRF3 
and phospho-TBK1/TBK in unstimulated cells is shown in bar graphs. (C) IFNβ mRNA levels, 
measured by qRT-PCR, in siControl, siADA2 or siTREX1-transfected HUVEC upon treatment 
with vehicle or infection with hCMV (MOI=1 for 3h) (n=3 technical replicates). (D) Differential gene 
expression between siControl and siADA2-transfected HUVEC, measured by polyA+-enriched 
RNAseq (n=3 biological replicates) and REACTOME pathway analysis of the ADA2-specific 
genes. Red and blue dots denote genes significantly up or down- regulated > 2-fold. (E) 
Expression levels of IRF3-driven or IFNβ-driven genes, measured by qRT-PCR, in siControl, 
siADA2 or siTREX1-transfected HUVEC upon mock or hCMV infection (MOI=1 for 3h). (F) 
Expression levels of IRF3-driven or IFNβ-driven genes, measured by qRT-PCR, in siControl, or 
siADA2-transfected HUVEC treated with IFNβ-neutralizing antibody (10, 20, and 40 U/mL) (n=3 
technical replicates). All results were replicated in three independent experiments. Values 
presented as mean +/- standard deviation. *, P<0.05; **, P<0.01; ***P<0.001. 
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Figure 1.2: Extracellular ADA2 and dAdo are paracrine modulators of IFNβ.  
(A) ADA2 mRNA levels, measured by qRT-PCR, in primary endothelial cells and U937 monocytic 
cells (n=3 technical replicates). (B) Secreted ADA2 protein, measured by ELISA, in primary 
endothelial cells and U937 monocytic cells (n=3 technical replicates). (C) Secreted ADA2 protein, 
assessed by western blotting of serum-free cell conditioned supernatants, from HUVEC and U937 
monocytic cells. (D) Adenosine deaminase activity, measured by de novo conversion of 1 mM 
isotopically-labelled dAdo to dIno in whole cell lysates (intracellular) or cell conditioned 
supernatants (extracellular) from siControl, siADA1 or siADA2-transfected HUVEC. Values are 
normalized to cell number and protein concentration (n=5 technical replicates). (E) Expression 
levels of IRF3-driven or IFNβ-driven genes, measured by qRT-PCR, and extracellular ADA 
activity, measured by de novo conversion of 1 mM isotopically-labelled dAdo to dIno in cell 
conditioned supernatants, from siControl or siADA2-transfected HUVEC supplemented with 
rADA1 or rADA2, pre-treated with vehicle or pentostatin (10 M for 30 min). Activity values are 
normalized to cell number and protein concentration (n=5 technical replicates). (F) IFNβ mRNA, 
measured by qRT-PCR, in U937 monocytic cells supplemented with adenosine (Ado) or 
deoxyadenosine (d-Ado) (100 uM for 48h) (n=3 technical replicates). (G) IFNβ mRNA levels, 
measured by qRT-PCR, in U937 co-cultured in TransWell inserts with siControl or siADA2-treated 
HUVEC for 48h (n=3 technical replicates). All results were replicated in three independent 
experiments. Values presented as mean +/- standard deviation. *, P<0.05; **, P<0.01; ***P<0.001. 
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Figure 1.3: Cellular nucleoside transport is required for induction of IFNβ upon depletion of ADA2. 
(A) Schematic representation of extracellular Ado receptor signaling and dAdo uptake/intracellular 
metabolism. (B) Equilibrative Nucleoside Transporter (ENT) mRNA levels, measured by qRT-
PCR, in HUVEC and U937 (n=3 technical replicates). (C) Extracellular and intracellular levels of 
isotope-labelled dAdo, measured by LC-MS/MS (n=5 biological replicates). (D) Differential gene 
expression in siControl, siADA2 or siADA2/DPM-treated (40 µM for 48h) HUVEC, measured by 
polyA+ RNAseq (n=3 biological replicates). All results were replicated in three independent 
experiments. Values presented as mean +/- standard deviation. *, P<0.05; **, P<0.01; ***P<0.001.   
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Figure 1.4: Loss of ADA2 drives intracellular dAdo catabolism and accumulation of dIno.  
A) Intracellular metabolic pathways of purine degradation (ADA1, Adenosine Deaminase 1; PNP, 
Purine Nucleoside Phosphorylase; HPRT, Hypoxanthine Phosphoribosyltransferase) and purine 
salvage (ADK, Adenosine Kinase; dCK, deoxyCytidine Kinase; 5’-NT, 5’-nucleotidase). (B) 
Relative levels and concentrations of small molecule polar metabolites, measured by LC-MS/MS 
quantification of siControl or siADA2-transfected HUVEC (n=5 biological replicates). (C) de novo 
accumulation of 15N-dAdo labeled dIno, measured by LC-MS/MS quantification of siControl or 
siADA2-treated HUVEC (n=5 biological replicates). (D) IFNβ mRNA levels, measured by qRT-
PCR, in HUVEC transfected with siRNAs targeting ADA2 and ADA1, PNP, HPRT or DCK. (D) 
IFNβ mRNA levels, measured by qRT-PCR, in HUVEC supplemented with dIno (500 µM for 24h) 
or (E) pre-treated with the PNP inhibitor 9-deazaguanine (100 M for 30 minutes) prior to dIno 
supplementation (500 µM for 24h) (n=3 technical replicates). (F) Flux analysis of the 
methionine/SAM cycle, measured by LC-MS/MS quantification of U-13C-methionine labeled 
methionine, SAM, and S-Adenosyl homocystein (SAH), in siControl or siADA2-treated HUVEC 
(n=5 biological replicates). (G) MAT enzyme activity, measured by LC-MS/MS quantification of 
SAM, in HUVEC lysates supplemented with nucleosides (n=3 technical replicates). (H) IFNβ 
mRNA levels, measured by qRT-PCR, in HUVEC pre-treated with cycloleucine (MAT inhibitor, 20 
mM for 30 minutes) or 5-azacytidine (DNMT inhibitor, 500 nM for 30 minutes) (n=3 technical 
replicates). (I) de novo DNA methylation, measured by LC-MS/MS quantification of U-13C-
methionine labeled 2’-deoxy-5-methylcytidine in siControl, siADA2 or siDNMT1-treated HUVEC 
(n=3 biological replicates). Values are represented as the percentage of total label incorporation. 
All results were replicated in three independent experiments. Values presented as mean +/- 
standard deviation. ND, not detectable. *, P<0.05; **, P<0.01; ***P<0.001. 
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Figure 1.5: Induction of methylation-sensitive endogenous retrovirus elements triggers cytosolic 
dsRNA signaling and IFNβ production.  
(A) IFNβ mRNA levels, measured by qRT-PCR, in HUVEC transfected with siRNAs targeting 
ADA2 and innate sensing molecules (n=3 technical replicates). (B) Differential expression of LTR-
containing ERV genes between siControl and siADA2-transfected HUVEC, measured by polyA+ 
enriched RNAseq (n=3 biological replicates). Red and blue dots denote ERV significantly up or 
down-regulated > 1.5-fold. (C) mRNA levels of ERVFRD1 and ERVK28, measured by qRT-PCR, 
in HUVEC supplemented for 24h with dIno (500 M) or pre-treated for 30 minutes with the PNP 
inhibitor 9-deazaguanine (100 M) prior to dIno supplementation for 24h (n=3 technical 
replicates). (D) mRNA levels of endogenous retrovirus elements (ERV) at 24-120 hours, 
measured by qRT-PCR, in siADA2 or siDNMT1-transfected HUVEC (n=3 technical replicates). 
(E) mRNA levels of ISG and ERV, measured by qRT-PCR, in siADA2-transfected HUVEC treated 
with anti-IFNβ neutralizing antibody (40 U/mL) (n=3 technical replicates). (F) ERV, IFNβ, CCL5 
and CXCL10 mRNA levels, measured by qRT-PCR, in HUVEC transfected with control plasmid 
or plasmids encoding ERVK28 transcript variants. Values presented as mean +/- standard 
deviation. *, P<0.05; **, P<0.01; ***P<0.001.   
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Figure 1.6: Cellular sensing of extracellular purine nucleosides triggers an innate immune 
response.  
Loss of extracellular ADA2 activity or an excess of extracellular purine nucleosides drives uptake 
of dAdo and intracellular catabolism by ADA1, yielding dIno, an immuno-metabolite that directly 
inhibits MAT activity, the methionine cycle, and DNA methylation. Genomic hypomethylation 
drives up-regulation of ERVs, dsRNA molecules that engage cytosolic dsRNA sensors RIG-I and 
MDA5 via the signaling adaptor MAVS. 
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Supplementary Figures 

 

 

Figure S1.1: IRF3 translocation and IFNβ production in HUVEC.  
(Left panel) IRF3 nuclear translocation in primary human endothelial cells (HUVEC, HAEC), PMA-
treated U937 macrophage-like cells (MO), U937 monocytic cells (mo) and primary human 
bronchial epithelial cells (NHBE) treated with vehicle or poly dA:dT DNA (200 ng/mL for 3h) (n=3 
technical replicates for n=3 biological replicates, >200 single cells per technical replicate). (Right 
panel) IFNβ secretion, measured by MSD assay, in cells treated with vehicle or poly dA:dT DNA 
(2—ng/mL for 3h) (n=3 technical replicates). All results were replicated in three independent 
experiments. Values presented as mean +/- standard deviation. ND, not detectable. *, P<0.05; **, 
P<0.01; ***P<0.001.   
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Figure S1.2: ADA2 mRNA is widely expressed in immune cells.  
(A) Expression of ADA2 mRNA levels in human immune cells, derived from the GSE24759 
microarray series matrix. All results were replicated in three independent experiments. Values 
presented as mean +/- standard deviation. (B) ADA2 mRNA levels, measured by qRT-PCR, in 
siRNA-transfected HUVEC (n=3 technical replicates). (C) ADA2 mRNA levels, measured by qRT-
PCR, in HUVEC transfected with siControl, siADA1 or siADA2 siRNA. (D) ADA1 mRNA levels, 
measured by qRT-PCR, in HUVEC transfected with siControl, siADA1 or siADA2 siRNA. (E) 
Extracellular ADA activity, measured by de novo conversion of 1 mM isotopically-labelled dAdo 
to dIno in cell conditioned supernatant, from siControl or siADA2-transfected HUVEC pre-treated 
with vehicle or EHNA (50 uM for 30 min). Values are normalized to cell number and protein 
concentration (n=5 technical replicates) (n=5 technical replicates). 
 

 

 

 

 

 

 

 

 

 

 



 
62 

 

 

Figure S1.3: dIno is a functional immune-metabolite for IFNβ production.   
(A) Fold change in purine metabolites, measured by LC-MS/MS quantification, of siControl or 
siADA2-transfected HUVEC (n=5 biological replicates). (B) dIno levels, measured by LC-MS/MS 
quantification of HUVEC treated with siADA2 and siControl or siADA1 (n=5 biological replicates). 
(C) mRNA levels of metabolic enzymes in the purine salvage, purine degradation and SAM 
pathways, measured by qRT-PCR in siRNA-treated HUVEC (n=3 technical replicates). (D) IFNβ 
mRNA levels, measured by qRT-PCR, in HUVEC supplemented for 24h with nucleosides (n=3 
technical replicates). All results were replicated in three independent experiments. Values 
presented as mean +/- standard deviation. ND, not detectable. *, P<0.05; **, P<0.01; ***P<0.001. 
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Figure S1.4: Flux analysis of the cellular methionine/SAM cycle and genomic methylcytosine.  
(A) Linear representation of cellular methionine/SAM pathway metabolism, and fold change of L-
cystathionine, measured by LC-MS/MS, in siControl or siADA2-transfected HUVEC lysates (n=5 
biological replicates). (B) Labeling of intracellular methionine, SAM and SAH pools, measured by 
LC-MS/MS (n=5 biological replicates). (C) Methionine re-methylation, measured by quantification 
of the methionine M+4 mass isotopomer using LC-MS/MS (n=5 biological replicates). (D) de novo 
DNA methylation, measured using LC-MS/MS quantification of isotope-labeled 2’-deoxy-5-
methylcytidine in HUVEC treated for 24h with d-Ino (500 M) or 5-AZA (50 M) (n=3 biological 
replicates). All results were replicated in three independent experiments. Values presented as 
mean +/- standard deviation. ND, not detectable. *, P<0.05; **, P<0.01; ***P<0.001. 
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Figure S1.5: Protein levels of innate sensors and IFNβ expression.  
(A) Western blotting of innate signaling molecules in siRNA-treated HUVEC. (B) IFNβ mRNA 
levels, measured by qRT-PCR, in siControl or siADA2-treated HUVEC (n=3 technical replicates). 
(C) ERV mRNA levels, measured by qRT-PCR, in HUVEC pre-treated with anti-IFNβ neutralizing 
antibody (40 U/mL) prior to stimulation with vehicle or dIno (500 M) + 9-deazaguanine (100 µM) 
(n=3 technical replicates). All results were replicated in three independent experiments. Values 
presented as mean +/- standard deviation. ND, not detectable. *, P<0.05; **, P<0.01; ***P<0.001. 
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Table S1.1: 38 rare diseases of systemic inflammation with sequence-verified single gene 
mutations.  
Information was obtained from the Online Mendelian Inheritance in Man (OMIM) database by 
searching for symptoms of vasculitis. Results of the siRNA screen in HUVEC are represented as 
Z scores. 
 

 

 

 
 
 
 
 
 
 
 
 
 



 
66 

Table S1.2: siRNA oligonucleotide sequences. Sequences correspond to siGenome 
oligonucleotide pools. 
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Table S1.3: Taqman and SYBR Green primers for qRT-PCR of mRNA.  
Catalogue numbers and sequences are listed. 
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Table S1.4: Taqman and SYBR Green primers for qRT-PCR of ERV.  
Catalogue numbers and sequences are listed. 
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Materials and Methods 

Experimental design: The objective of this research is to examine novel molecular mechanisms 

regulating the innate immune IFNβ response using controlled laboratory experiments. To identify 

novel gene and protein regulators of IFNβ, we optimized and implemented loss-of-function RNAi 

screening for activation of the transcription factor IRF3 in primary human vascular endothelial 

cells. Among 38 candidates associated with systemic inflammation and vasculitis in humans, the 

metabolic enzyme ADA2 was identified as a novel negative regulator of spontaneous IFNβ 

production. Subsequent transcriptomic, metabolic, and functional experiments were performed to 

examine the effects of ADA2 deficiency and purine nucleoside supplementation in triggering IFNB 

via activation of cytosolic nucleic acid sensing pathways. Study design: Sample size (n) for each 

experimental group is described in each figure legend, and was determined based on the optimal 

number to generate statistically significant data.  No data were excluded. All experimental findings 

were independently replicated three times. Outliers were identified at the beginning of the study. 

Samples were randomized by position on plates, microplates and flow cells, or temporally 

randomized on the mass spectrometer. For siRNA screening, qRT-PCR, RNAseq, and mass 

spectrometry, research subjects (e.g. cell culture supernatants or lysates) were analyzed in a 

blinded manner using numerical keys.  

 

Antibodies and reagents: Recombinant ADA1 (93985) was purchased from Sigma, and 

recombinant ADA2 (7518-AD) from R&D Systems. ADA2 antibody (HPA007888) was purchased 

from Sigma; β-actin antibody (MAB8929) from R&D; TLR3 antibody (sc-32232) from Santa Cruz; 

cGAS antibody (AP10510c) from Abgent; DDX58/RIG-I (ab45428), MAVS (ab31334) and IFI16 

(ab55328) antibodies from Abcam; IFIH1/MDA5 antibody (21775-1-AP) from Proteintech; 

phospho-IRF3 (Ser396) (4947S), phospho-TBK1 (Ser172) (5483S), TBK1 (3013S), and IRF3 

(4302S) antibodies from Cell Signaling Technologies; human IFNβ neutralizing antibody (31401-
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1) was purchased from PBL interferon source; 2’-deoxyadenosine, adenosine, dipyridamole, 

EHNA, 5-azacytidine, and 9-deazaguanine from Sigma; pentostatin from Cayman Chemicals; 

cycloleucine from MP biomedicals; 2’-deoxyinosine, inosine and hypoxanthine from Alfa Aeser. 

ELISA kit for ADA2 quantification in cell culture supernatants was purchased from Cloud Clone 

Corp. poly (dA:dT) DNA was purchased from Invivogen. poly (dA:dT) DNA (P0883) was 

purchased from Sigma. 

 

Cells: Primary human cells were obtained from Lonza as single donor aliquots. Umbilical vascular 

endothelial cells (HUVEC) and aortic endothelial cells (HAEC) were maintained in EGM-2 Bulletkit 

growth media (Lonza) supplemented with 2 % hi-FBS. Dermal microvascular endothelial cells 

(HDVEC), brain microvascular endothelial cells (HBVEC), and kidney microvascular endothelial 

cells (HKVEC) were maintained in EBM-2MV Bulletkit growth media (Lonza) supplemented with 

hi-FBS. Normal bronchial epithelial cells (NHBE) were maintained in BEGM Bulletkit growth media 

(Lonza). U937 monocytes were obtained from ATCC and maintained in RPMI supplemented with 

hi-FBS. Purity of cell populations was verified >95 % by flow cytometry using the following 

markers: CD31 for endothelial cells (Biolegend 303121), EpCAM for epithelial cells (Biolegend 

324207) and CD45 for U937 monocytes (Biolegend 103115). For activation of IRF3-driven 

responses, cells were transfected with poly dA:dT for 3 hours (200ng/mL) using LyoVec 

transfection reagent (Invivogen), or infected for 3 hours with hCMV MOLD (MOI=1). For IFNβ 

neutralizing experiments, cells were treated with 10-40 U/ml of anti-IFNβ neutralizing antibody for 

72 hours. 

 

Virus: hCMV clinical strain MOLD (a kind gift from Dr. Martin Raftery) was used. Stocks were 

prepared as previously described 299. 
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siRNA screening and transfections: siGenome siRNA oligonucleotide pools were purchased 

from Dharmacon, and transfections performed as previously described 299. siRNA transfection in 

U937 was performed with Neon Transfection System 100 l kit (Thermo Fisher Scientific). Cells 

were resuspended with R buffer (5 x 106 cells/ml) and electroporated with 100 nM siRNA at 1,400 

V/10 ms/3 pulse. Following transfection with siRNA (30-40 nM), growth media was changed every 

24 hours and cells were harvested after 72 hours unless otherwise specified. For the IRF3 screen, 

Z score was calculated for each gene-specific siRNA pool using mean and standard deviation 

values from triplicate wells compared to control, non-targeting siRNA (Dharmacon). Individual Z 

scores are listed in Table S1. siRNA sequences are listed in Table S2.  

 

IRF3 immunostaining: IRF3 immunostaining was performed as described 299. IRF3 antibody (sc-

9082) was purchased from Santa Cruz Biotechnology; Alexa Fluor 647-conjugated anti-rabbit 

secondary antibody (111-604-144) from Jackson ImmunoResearch. DAPI was used to counter 

stain nuclei. Images were acquired at 10x magnification on ImageXpress Micro (Molecular 

Devices), and images were analyzed using the enhanced translocation module of MetaXpress 

(Molecular Devices). Individual cells were scored as positive for nuclear translocation if >70 % of 

IRF3 fluorescence was spatially correlated with nuclear probe. Each data point is representative 

of >200 cells.  

 

Quantitative real-time PCR: Total RNA was extracted using Quick-RNA MiniPrep Plus kit (Zymo 

Research). 500 ng of RNA was used to synthesize complementary DNA using qScript cDNA 

synthesis kit (Quanta). Samples were diluted 10-fold and gene expression analyzed by on a 

CFX96 Touch Detection System (Bio-Rad) using FastStart SYBR Green Master Mix (Roche) or 

TaqMan Universal PCR Master Mix (ThermoFisher Scientific). Primer pair sequences and 

catalogue numbers for cellular mRNAs are listed in Table S3. Primer pair and catalogue numbers 

for ERV genes are listed in Table S4.  
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Western blotting: For western blotting of whole cell lysates, cells were lysed in 1X RIPA buffer 

(Cell Signaling Technologies), incubated on ice for 30 minutes and centrifuged at 10,000 rpm for 

10 minutes. Protein concentration was quantified from cleared supernatants using BCA protein 

assay kit (Thermo Fisher Scientific). Equivalent amounts of lysate (30-50 ug) were boiled with 5x 

SDS sample buffer and resolved by 10 % SDS-PAGE, transferred to PVDF membrane (Thermo 

Fisher Scientific), blocked with 5 % milk and incubated with primary antibody (1:1000) at 4°C 

overnight. Blots were washed with TBST and incubated with HRP-conjugated secondary 

antibodies (1:7000) at room temperature for 1 hour. Signal was detected using Amersham ECL 

Prime (GE Healthcare). For western blotting of cultured supernatants to detect ADA2, HUVEC or 

U937 cells plated at 5 x 105 cells per well in 6-well plates in serum-free media were cultured for 

48h prior to collecting supernatants. 2-6 mL of supernatant was filtered (0.45 m filter 28413-312, 

VWR) and concentrated with Pierce Protein Concentrator PES 10K MWCO (88527, Thermo 

Fisher Scientific) at 5,000 rpm for 15 min to obtain 100-150 L samples. Concentrated 

supernatants were incubated with 5x SDS sample buffer at 70C for 10 min and resolved by 10% 

SDS-PAGE as described above. ADA2 antibody was obtained from Sigma (HPA007888).  

 

RNAseq: Total RNA was extracted from 1x105 cultured cells using the Quick-RNA MiniPrep 

samples should produce RINe scores above 9.0. For each sample, 500-1000 ng of total RNA was 

then prepared into an mRNA library using the Truseq Stranded mRNA Library Prep Kit (Illumina). 

Resulting libraries were then pooled at equimolar concentrations using Quant-iT PicoGreen 

dsDNA Assay Kit (Life Technologies) and were deep sequenced on an Illumina 2500 in Rapid 

Run Mode, producing between 10M and 90M single-end reads with lengths of 50 nt per sample. 

The single-end reads that passed Illumina filters were filtered for reads aligning to tRNA, rRNA, 

adapter sequences, and spike-in controls. The reads were then aligned to UCSC hg38 reference 
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genome using TopHat (v 1.4.1). DUST scores were calculated with PRINSEQ Lite (v0.20.3) and 

low-complexity reads (DUST > 4) were removed from the BAM files. The alignment results were 

parsed via SAMtools to generate SAM files. Read counts to each genomic feature were obtained 

with the htseq-count program (v 0.6.0) using the “union” option. After removing absent features 

(zero counts in all samples), the raw counts were then imported to R/Bioconductor package 

DESeq2 to identify differentially expressed genes among samples. DESeq2 normalizes counts 

by dividing each column of the count table (samples) by the size factor of this column. The size 

factor is calculated by dividing the samples by geometric means of the genes. This brings the 

count values to a common scale suitable for comparison. P-values for differential expression are 

calculated using binomial test for differences between the base means of two conditions. These 

p-values are then adjusted for multiple test correction using Benjamini Hochberg algorithm to 

control the false discovery rate. We considered genes differentially expressed between two 

groups of samples when the DESeq2 analysis resulted in an adjusted P-value of <0.05 and the 

fold-change in gene expression was 2-fold. Cluster analyses including principal component 

analysis (PCA) and hierarchical clustering were performed using standard algorithms and metrics. 

Hierarchical clustering was performed using complete linkage with Euclidean metric.  

 

For analysis of ERV expression, the single-end reads that passed Illumina filters were filtered for 

reads aligning to tRNA, rRNA, adapter sequences, and spike-in controls. The reads were then 

aligned to the reference genome using TopHat (v 1.4.1) and alignment results parsed via 

SAMtools to generate SAM files. The uniquely and multi mapped reads were filtered from the bam 

files using MAPQ of 255 to filter uniquely mapped reads. Read counts to each repeat element 

were obtained by mapping the multi mapped reads to the each of the repeat classes and counting 

alignment for each repeat class (all the steps are part of the RepEnrich pipeline). After removing 

absent repeat elements (zero counts in all samples), the raw counts were then imported to 

R/Bioconductor package EdgeR differentially expressed genes among samples. The GLM 
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method within the EdgeR package was used to identify differentially expressed genes. We 

considered genes differentially expressed between two groups of samples when the EdgeR 

analysis resulted in an adjusted P-value of <0.05.  

 

Recombinant ADA supplementation: HUVEC were seeded at 5x105 cells/well in 6-well plates 

and incubated for 24 hours at 37°C 5 % CO2. 24 hours post-transfection with siRNA, fresh growth 

media containing recombinant ADA1 (Sigma, 93985) or ADA2 (R&D Systems, 7518-AD) was 

added to wells (50-1000 ng/mL). Where indicated, pentostatin (10 M) was added 1 hour prior to 

recombinant ADA2. 72 hours post-transfection cells were harvested and gene expression 

analysed by qRT-PCR. 

 

Co-culture of HUVEC and U937: HUVECs (1.4x105) were plated in 24-well plates. 24h post-

transfection with siRNA, media was changed into fresh EGM2, and wild type U937 (1x105 

cells/200 ul RPMI 2 % FBS) were plated on polyester membrane Transwell clear inserts (0.4 m) 

and co-cultured with HUVECs for an additional 48h prior to analysis of gene expression by qRT-

PCR.  

 

Metabolite extraction and LC-MS/MS: For cell sample preparation, 3x106 HUVEC were lysed 

by aspirating in 80 % cold methanol, followed by three freeze-thaw cycles where samples were 

alternated between 40°C and -80°C baths in 30 second intervals. Lysates were then centrifuged 

at 4°C at 14,000 rpm for 10 minutes to remove cellular debris and supernatants dried using a 

Speed Vacuum system for two hours at 30°C before resuspension in an 80:20 ratio of methanol 

to water. For spent media samples, media was centrifuged at 14,000 rpm for one minute to 

remove cell debris before adding cold methanol at a ratio of 80:20 methanol to water. Cell and 
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media samples were placed at -20°C for 30 minutes to precipitate protein before centrifugation at 

14,000 RPM for 10 minutes at 4°C. Each injection for LC-MS/MS analysis was equivalent to 

80,000 cells or 0.5 uL of media. Liquid chromatography was performed with a Vanquish UHPLC 

system (Thermo Scientific), using a ZIC-pHILIC polymeric column (EMD Millipore) (150mm x 

2.1mm, 5um). Mobile phases used were (A) 20 mM ammonium bicarbonate in water, pH 9.6, and 

(B) acetonitrile. Mobile phase gradients were as follows: 90 % B for first two 2 minutes followed 

by a linear gradient to 55 % B at 16 minutes, sustained for an additional 3 minutes before final re-

equilibration for 11 minutes at 90 % B. Column temperature was 25°C, and mobile phase flow 

rate was 0.3 mL per minute. Detection was performed using a QExactive Orbitrap mass 

spectrometer with heated electrospray ionization source (Thermo Scientific). Sheath and auxiliary 

gas was high purity nitrogen at 40 au (arbitrary units) and 20 au, respectively. Tandem mass 

spectra were collected in both positive and negative ionization polarities. Ion transfer tube was 

set at 275°C, and vaporizer temperature was set to 350°C. CID MS2 was collected using stepped 

normalized collision energies of 15, 30 and 45 arbitrary units and isolation widths of +/- 0.5 mz. 

Peak heights from chromatograms corresponding to metabolites of interest were used for 

quantification. Indicated metabolites were detected as protonated/deprotonated ions of their 

monoisotopic masses and identities were confirmed by comparison to the MS1 and MS2 

patterning of known standards under this LC-MS method.  

 

Methionine labeling and SAM flux: EGM-2 medium with dialyzed serum containing 64 M  

unlabeled methionine was supplemented with either 64 M U-13C-methionine (Cambridge 

Isotope laboratories Inc.; 13C medium) or 64 M unlabeled methionine (12C medium). At time 

zero, cells cultured in 12C medium were switched to 13C medium, incubated for 10 or 30 minutes 

at 37°C, washed twice with ice cold PBS, extracted in 80 % cold methanol and analyzed with LC-

MS as described above to obtain mass isotopomer distributions. Due to lack of remethylation of 
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homocysteine, SAM metabolism was modeled as a linear pathway from methionine → SAM → 

SAH, governed by the differential equations: 

              SAM SAM met SAM/x x x = −  

                                                              SAH SAH SAM SAH/x x x = −  

Where  and  are time-dependent mass isotopomer fractions with time derivatives , 

while  was considered constant;  is the flux through the linear pathway; and  is the rate 

constant, related to the flux as , where  is the pool size (concentration) 312. This model 

was fit to the 13C5-methionine, 13C5-SAM and 13C4-SAH mass isotopomers at the 10- and 30-

minute time points by minimizing the variance-weighted sum of square errors. The resulting 

observed  error was 3.95, which was acceptable at the 95% level. Confidence intervals for the 

parameters  were obtained as previously described 336. Change in flux was obtained as the 

ratio  

 

and 95 % confidence intervals for this ratio were obtained from the corresponding confidence 

intervals for .  

 

ADA and MAT activity: In vitro dAdo deamination assays were adapted from previously 

described methodology 304, by measuring de novo dIno and hypoxanthine production using LC-

MS/MS. For extracellular activity, cultured HUVEC-conditioned EGM-2 supernatant was 

centrifuged at 1,500 RPM for 5 minutes to remove cellular debris. For intracellular activity, whole 

cell lysates were diluted to 10E5 cell equivalents per mL in cold PBS. Supernatant or lysate was 

incubated with 100 nM-1mM isotopically-labelled 2’-deoxyadenosine (15N5, Cambridge Isotope 

Laboratories) for 30 and 120 minutes at 37°C. Reactions were quenched using ice cold methanol 

SAMx SAHx x

metx v 

c v  = c

2



vsiADA2 / vsiCtrl = msiADA2csiADA2 / (msiCtrlcsiCtrl )


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at a ratio of 80:20 methanol:reaction volume and centrifuged at 14,000 rpm for 10 minutes to 

remove protein. Supernatant was isolated, from which 2uL was injected for LC-MS/MS analysis. 

Quantification of deaminase activity was measured as nanomoles of isotopically-labeled dAdo 

and hypoxanthine produced per liter per minute. For quantification of extracellular, HUVEC-

derived ADA activity, reaction rate in cell-free EGM-2 growth media was subtracted from rates in 

culture supernatant, and data were normalized to cell number and protein concentration. In vitro 

methionine adenosyl-transferase assays were performed by detection of isotopically-labeled s-

adenosyl methionine by LC-MS/MS, as described above. Fresh cytoplasmic protein lysates were 

isolated from U937 monocytes. In tissue culture- treated 96 well low evaporation plates, 10 g of 

lysate was incubated with 1mM U-13C methionine, 1mM ATP, and nucleoside at indicated 

concentration. Reactions were buffered in 20 mM MgSO4, 150 mM KCl, and 100 mM Tris, pH 

7.4. After incubation for 30 minutes at 37°C, reactions were quenched using ice cold methanol at 

a ratio of 80:20 methanol:reaction volume. Samples were centrifuged at 14,000 rpm for 10 

minutes to remove protein, and supernatants were dried using a Speed Vacuum concentrator 

system for two hours at 30°C. Samples were resuspended in 50 L of 80:20 methanol to water, 

with 2 L injected for LC-MS/MS. Quantification of methionine adenosyltranserase activity was 

measured via m/z 404.1611 chromatogram peak intensity, corresponding to the M+H+ ion of 5- 

carbon U-13C labeled S-adenosyl methionine and confirmed by diagnostic tandem mass spectra.  

 

Quantification of labeled methyl-cytosine and labeled deoxyinosine: For labeled 

deoxyinosine, HUVEC were transfected with siRNA against the indicated target for 72 hours, 

followed by treatment with 85 M U-15N-2’-Deoxyadenosine (Cambridge Isotopes) for 5 minutes. 

Cells were lysed, and metabolite extraction with LC-MS/MS was performed as described. 2’-

Deoxyinosine with full label incorporation (415N-2’-Deoxyinosine) was identified by diagnostic 
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MS/MS fragmentation pattern, and relative abundance was quantified by peak height. For labeled 

methyl-cytosine, HUVEC were transfected with siRNA against the indicated target for 72 hours. 

During this time, cells were incubated with U-13C methionine (Cambridge Isotope Laboratories) 

at 64 M, the equivalent concentration to endogenous levels in growth medium, for the indicated 

times. Following lysing, genomic DNA was isolated using the PureLink Genomic DNA Mini Kit 

(Invitrogen) and quantified before digestion with DNA Degradase I (Zymogen) kit according to the 

manufacturer’s protocol. Product deoxynucleosides were mixed 1:2 with a 50 % acetonitrile, 50 

% water + 40 mM ammonium bicarbonate solution. Each injection of digested genomic isolate 

was equivalent to 5 ng of DNA. Liquid chromatography was performed with a Vanquish UHPLC 

system (Thermo Scientific) using a ZIC-HILIC column (EMD Millipore) (150 x 1 mm, 5 μM). 

Metabolites were eluted following a gradient mobile phase of (A) 40 mM ammonium bicarbonate 

and (B) acetonitrile. The gradients were used as follows: 90 % B at start, immediately following a 

linear gradient to 0 % B over 2 minutes, and sustaining 0 % B for two additional minutes of 

detection before a final equilibration for 1 minute at 90 % B. Column temperature was 25°C, and 

mobile phase flow rate was 0.175 mL per minute. Detection was performed using a QExactve 

Orbitrap mass spectrometer (Thermo Scientific) as described above, with CID MS2 collected 

using stepped normalized collision energies of 30 and 45 arbitrary units. Peak heights from 

chromatograms corresponding to the M+1 isotopomer of 2’-deoxy-5-methylcytidine were used for 

quantification, subtracting peak height attributable to naturally occurring 13C isotope.  

 

ERV cloning: cDNAs for ERVK28 transcript 1 and 3 were ordered from IDT. cDNAs were 

amplified using the Phusion polymerase enzyme and specific primers that are flanked by EcoRI 

(forward: 5’-GCTGAATTCCAGGTATTGTAGGGG-3’ for Transcript 1; forward: 5’-

GCTGAATTCATGAACCCATCGGAG-3’ for Transcript 3. EcoRI sites in bold), and ApaI or XhoI 

restriction sites (reverse: 5′-GTGGGCCCTGCAAAATGGAGT-3′ for Transcript 1, ApaI site in bold. 
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Reverse 5’-GCTCGAGGCGCAGAATTTTTC-3’ for Transcript 3, XhoI site in bold), respectively. 

The amplicons (308 bp for Transcript 1 and 457 bp for Transcript 3) were digested with 

EcoRI/ApaI and EcoRI/XhoI respectively, and were cloned in frame with Flag between the EcoRI 

and ApaI sites, or EcoRI and XhoI sites, respectively, in pcDNA3-Flag-TRAF6 (Addgene, 

#66929). Plasmids were produced in One ShotTM TOP10 bacteria, and constructs sequence 

verified. 

 

ERV overexpression: For electroporation, 2x105 HUVEC were transferred to a sterile 1.5 ml 

microcentrifuge tube, resuspended in 10 μl Buffer R, and mixed with 500 ng of pcDNA3-Flag 

vector. DNA electroporation was performed with the Neon Transfection System 10 μL kit 

(ThermoFisher Scientific) using the following settings: 1350 V, 30 ms, 2 pulses. After 

electroporation, cells from five 10 μL transfection reactions were added to the same well of a 6-

well plate containing 2 mL of pre-warmed supplemented EGM-2 Bulletkit growth media (Lonza) 

without antibiotics. 24 hours after transfection, new media with antibiotics was added to the wells.  

48 hours post-transfection, total RNA was extracted using Quick-RNA MiniPrep Plus kit (Zymo 

Research). 500 ng of RNA was used to synthesize complementary DNA using qScript cDNA 

synthesis kit (Quanta). Samples were diluted 6-fold and gene expression analyzed on a CFX96 

Touch Detection System (Bio-Rad) using TaqMan Universal PCR Master Mix (ThermoFisher 

Scientific). 

 

Statistical analysis: Data values are reported as mean +/- standard deviation, with differences 

determined using two-tailed Student’s t-test, with Benjamini Hochberg adjustment for multiple 

comparisons. Regarding statistical calculations, normal data distribution was confirmed using 

controls or previously generated large-scale datasets (n>384) prior to analysis of experimental 

samples. All reported results were independently replicated using three independent experiments.  
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Main 

Development of toxic inflammation during immune checkpoint blockade (ICB), termed 

immune related adverse events (irAEs), severely limits the efficacy of cancer immunotherapy337. 

These complications are poorly managed in the clinic, in part because the molecular mechanisms 

that drive irAE progression and their relationship to ICB-driven tumor regression are not well 

understood. Here we describe a novel protective mechanism by which circulating bio-active lipids 

of the lysophosphatidylcholine (LPC) superfamily may suppress irAE progression in ICB-treated 
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patients. Plasma from patients with solid tumors undergoing anti-CTLA4 or anti-PD1 therapy was 

assessed using non-targeted liquid chromatography-tandem mass spectrometry. Reduced levels 

of linoleoyl-lysophosphatidylcholine LPC (18:2) correlated with the development of severe ICB-

driven irAEs [-1.12 (CI -2.01-0.25) log(odds ratio)]. Acute loss of circulating LPC (18:2) was 

recapitulated in a humanized mouse model of anti-CTLA4-driven irAEs and in DSS-induced 

colitis, where supplementation of LPC (18:2) ameliorated colonic inflammation without affecting 

ICB-driven tumor regression. Lower LPC (18:2) levels was associated with higher levels of 

circulating neutrophils in healthy individuals and in ICB-treated patients, where circulating 

neutrophils accumulated in patients who developed severe irAEs. Further, LPC (18:2) 

supplementation depleted circulating neutrophil counts in vivo. Results uncover a novel regulatory 

mechanism by which circulating LPC (18:2) molecules specifically suppress systemic 

inflammation and irAEs during ICB therapy while preserving anti-tumor immunity, and suggest 

that LPC (18:2) supplementation can be applied as a strategy to improve clinical outcomes in 

cancer immunotherapy.  

Resistance or unresponsiveness to chemotherapy is commonly observed in late stage 

tumors338,339, and patients with advanced melanomas or lung carcinomas are increasingly treated 

with ICB therapy. Nivolumab or pembrolizumab, both PD1 targeting monoclonal antibodies, are 

indicated as standalone therapies in secondary regimens against advanced lung carcinomas154, 

and as first-line therapies against advanced melanoma155. Ipilimumab, in large part due to its 

greater toxicity profile, has been relegated to a secondary regimen or is given in combination with 

nivolumab155. Combination therapy with nivolumab and ipilimumab demonstrates a three-year 

overall survival rate of 58 percent for stage III/IV melanoma156 and 40 percent for treatment-naïve 

stage III/IV NSCLC340. Understanding the determinants of clinical ICB outcomes is currently of 

high significance and intense study. ICB-driven tumor regression has been linked to several 

factors, including tumor neoantigen incidence, peripheral markers of immune fitness, and 
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influences of the gut microbiome244,246,341-344. Less well understood are the determinants of ICB-

driven irAEs. The success of ICB therapies, particularly those including ipilimumab, is held back 

by severe contraindicated immune toxicities that drive discontinuation of treatment337. For 

nivolumab plus ipilimumab therapy, the incidence of grade III/IV irAEs is reported to be 33-59 

percent150,156, with ~40 percent of cases leading to termination of treatment156,345. As novel 

combination therapies aimed at further increasing immune-stimulation and overall response to 

ICB are under active development, the incidence of ICB-driven irAEs is only expected to rise.  

Incomplete mechanistic understanding of ICB-driven irAEs, particularly in humans, means that 

therapeutic strategies aimed at dampening irAE toxicities without blunting ICB-driven tumor 

regression are currently lacking. 

The multi-organ etiology of ICB-driven immune toxicities, which arise upon systemic 

administration of immune-stimulator agents, suggests that immune-modulatory molecules 

present in circulation may impact the progression of irAEs. Small molecule metabolites in the 

blood, in particular bio-active lipids with signaling function, drive specific states of inflammation 

and immunity270,346 These include eicosanoids and other oxylipins with known inflammatory 

function in asthma and allergy277,347-349, cystic fibrosis281,350, and progression to heart failure351,352, 

but also hundreds of chemically related metabolites which associate with inflammatory states, but 

serve unknown roles in inflammation346. We reasoned that circulating lipid metabolites could be 

used to discriminate between irAEs and tumor regression during ICB therapy. To uncover novel 

metabolite associations with ICB-driven irAEs, we performed measurements of circulating bio-

active lipids with surrogate associations to development of irAEs in cancer patients undergoing 

ICB therapy. In total, 753 blood plasma samples from 150 patients were sampled across three 

distinct ICB cohorts (Supplementary Table 1). The discovery cohort, corresponding to melanoma 

patients treated with 3mg/kg ipilimumab (Cohort 1, n = 65)353, displayed a total irAE incidence of 

56.4 percent, of which 6.4 percent constituted severe grade III/IV irAEs. Blood sampling 
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corresponded to baseline and serial blood draws up to twelve weeks post-treatment, without 

significant sampling bias in age or sex demographics, or in tumor regression outcomes 

(Supplementary Table 2). This sampling window directly overlaps with clinically observed 

kinetics of irAE development following ipilimumab treatment354.  Samples were analyzed using 

directed, nontargeted liquid chromatography mass spectrometry (LC-MS)355, allowing for rapid 

simultaneous profiling and semi-quantitative ranking of thousands of unique bio-active lipid 

metabolites. The maximum absolute excursion, or change in abundance, of each LC-MS feature 

was associated with the severity of ipilimumab-derived irAEs. 

5951 LC-MS features were ubiquitously detected in patient plasma, of which several were 

differentially expressed over time in association with irAE severity (Fig 1a). Within this subset, we 

focused on abundant features associated with severe grade III/IV irAEs. From a network analysis 

of targeted tandem mass spectral data356, chemically-related irAE-associated features (Extended 

Data 1a) were identified against a library of chemical standards as palmitoyl-

lysophosphatidylcholine (LPC (16:0)) and linoleoyl-lysophosphatidylcholine (LPC (18:2)) (Fig 1b, 

Extended Data 1b), monoacyl metabolites of membrane phosphocholines commonly found in 

healthy blood at micromolar levels287. LPCs comprise a super-family of bio-active second 

messenger molecules that function in immunity and inflammation357. In ipilimumab-treated 

patients with severe irAEs, we observed LPC (18:2) and LPC (16:0) levels significantly dropping 

over time (Fig 1c). This association was not observed for any other LPC species, or in chemically 

and metabolically related lysophosphatidylethanolamines(LPE), lysophosphatidylinositols (LPI), 

or lysophosphatidic acids (LPA) molecules (Supplementary Table 2). Importantly, neither LPC 

(18:2) nor LPC (16:0) excursions were significantly associated with RECIST 1.1 metrics of 

ipilimumab-driven tumor regression response in the patient cohort358 (Supplementary Table 2), 

nor did baseline abundances of LPC exhibit any predictive value, although both lipids were 

modestly elevated at baseline in patients who developed severe irAEs (Extended Data 1c). 
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These data indicate that LPC (16:0) and LPC (18:2) are specifically depleted in patients who 

develop severe irAES upon treatment with ipilimumab, unique among all lysolipids measured  in 

circulation. 

Depletion of LPCs from circulation is reported in several inflammatory pathologies and in 

autoimmunity359,360. Loss of LPC (18:2) is observed in patients with systemic lupus erythematosus 

(SLE)361 and during sepsis286,291, and is a risk factor for development of Type-II Diabetes and 

myocardial infarction351,362,363. LPC (18:2) and LPC (16:0) abundance was measured in blood 

plasma from patients with prevalent autoimmune or chronic inflammatory conditions, including 

SLE, rheumatoid arthritis, and inflammatory bowel disease (FINRISK-2002, n = 158)364. Relative 

to healthy individuals, significantly lower LPC (18:2) and LPC (16:0) levels were observed in 

plasma from autoimmune patients (Fig 1d), suggesting that LPC levels are a marker of 

deleterious inflammation shared in common with ipilimumab-induced irAEs. 

Clinical and preclinical evidence supports a mechanism of action for ipilimumab that is 

distinct from other ICB antibody therapies137,345,365. To test the generalizability of our observations 

to other ICB therapies and tumor types, we examined two orthogonal cancer patient cohorts 

(Supplementary Table 1). First, a community-acquired cohort with mixed solid tumors (Cohort 

2, n = 32), contained patients treated with ipilimumab in combination with nivolumab, or with anti-

PD1 therapies alone. In this cohort, reduction of LPC (18:2) and LPC (16:0) in patients who 

developed severe irAEs upon anti-PD1 monotherapies or ipilimumab plus nivolumab combination 

therapy (Fig 2a-b, middle, and Extended Data 2). Second, in a prospective Phase I 

pembrolizumab trial of advanced NSCLC and melanoma patients366 (Cohort 3, n= 53), reduction 

of LPC (18:2) and LPC (16:0) was also observed in patients  who developed severe treatment-

associated irAEs (Fig 2a-b, right). The effect size of LPC (16:0) and LPC (18:2) excursion on 

ICB is calculated to be -2.26 (CI -0.86 - -3.72) and -1.12 (-0.25 - -2.01) log(odds ratio), 

respectively, for ICB-irAE associations (Fig 2c).  
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Together, data demonstrate that LPC (18:2) and LPC (16:0) are surrogate biomarkers of 

severe irAEs associated with ICB therapy. The inverse relationship between LPC abundance and 

irAEs led us to hypothesize that rather than passive biomarkers of ICB-driven irAEs, these bio-

active molecules might play a functional role in deleterious inflammation. To further examine LPC 

in vivo, we utilized two relevant mouse models. First, an ICB-induced model of irAEs, employs 

humanized C57BL/6 mice expressing the CTLA4 transgene (CTLA4h/h). CTLA4h/h mice develop 

multi-organ immune toxicities from ipilimumab monotherapy or combination therapy with anti-PD1  

within the same therapeutic window as tumor regression response367. The second model is 

dextran sulfate sodium (DSS)-induced colonic inflammation and colitis368-370, a model in which 

CTLA4 plays a role in enhancing inflammation and T cell induction is modulatory371,372, but is 

dispensable for pathogenesis373. Mass spectrometry analysis of terminal blood from ipilimumab 

and combination ICB-treated CTLA4h/h mice demonstrated reduction of LPC (18:2) and LPC 

(16:0) (Fig 3a), consistent with our findings in human cancer patients. In DSS-induced colitis, 

reduction of LPC (18:2) and (16:0) levels was also observed in terminal blood plasma (Fig 3b). 

Together, these results show that reduction in circulating LPC (18:2) and (16:0) is also observed 

in mouse models of ICB-driven irAEs and chemically-induced colitis.  

Previous studies show that unsaturated 18-carbon LPCs are consistently depleted in the 

circulation of DSS-treated mice, and play a protective role in colitis374. Dietary supplementation of 

oleic acid (C18:1) or overexpression of liver stearoyl-CoA desaturase-1 in DSS-treated mice 

elicited protective effects, although it is unclear whether the effect is driven by LPC (18:2), LPC 

(18:1), or another oleic acid metabolite 374. Compared to LPC 18:2, loss of LPC (16:0) was less 

pronounced in CTLA4h/h mice (Figure 3a). Furthermore, levels of LPC (18:2) were negatively 

correlated with a composite histological score of irAE severity in these mice (Fig 3c), while LPC 

(16:0) did not meet significance (Extended Data 3a). Based upon stronger association of LPC 

18:2 and irAEs, CTLA4h/h mice were supplemented with LPC (18:2) and effects upon irAEs 
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examined. Exogenous LPC (18:2) was administered at physiological levels via intraperitoneal 

injection (Extended Data 3b) to CTLA4h/h mice prior to ICB treatment. The supplemented mice 

experienced a reduction in colonic inflammation and leukocytic infiltration (Fig 3d, Extended Data 

3c), indicating reduced ICB-associated toxicity. In DSS-induced colitis, supplementation of LPC 

(18:2) significantly reduced weight loss and colonic shortening (Extended Data 4a-b), reduced 

intestinal inflammation, and mitigated overall intestinal damage to crypt cells (Fig 3d). In contrast, 

administration of LPC (16:0) did not elicit protective effects against DSS-induced colon toxicity 

(Extended Data 4c), nor did saturated LPC (18:0), although the monounsaturated LPC (18:1) 

demonstrated a modest protective effect upon colon shortening (Extended Data 4d). Together, 

results show that circulating LPC (18:2) protects against colon inflammation. 

How loss of circulating LPC (18:2) impacts immune function and irAEs is unclear. In 

general, putative mechanisms underlying ICB-driven irAEs may involve increased activity of 

autoreactive effector T-cells, higher auto-antibody titers, activation of innate immune cytokines, 

or complement-mediated damage to healthy stroma337. The parameters of systemic immunity can 

be examined by measuring immune cells, serum cytokines, and antibody titers, with population-

level variance explained at least in part by circulating metabolite variation225,375,376. LPC (18:2) 

levels were measured in healthy human blood plasma from two large-scale, community-based 

cohorts225,377 (Supplementary Table 3), where serum cytokines, serology, and 80 immune cell 

populations, measured using multi-color flow cytometry, were quantified in participants. 

Correlation between effector or proliferating lymphocyte populations and circulating LPC (18:2) 

was not observed in in healthy individuals (Extended Data 5a), nor was there an association 

between LPC (18:2) and immunoglobulin titer (Extended Data 5b). In the 500 Functional 

Genomes cohort (500FG, n=500), levels of LPC (18:2) were significantly inversely correlated with 

neutrophils and natural killer T (NKT) cells in the blood  (Fig 4a). These results were validated in 

the  FINRISK-2002 cohort (FINRISK-2002, n = 215), where clinical blood counts were used to 
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measure neutrophils and other polymorphonuclear myeloid cells (Fig 4b). Notably, circulating 

LPC (18:2) inversely correlated with serum IL-8, a key cytokine that drives neutrophil cellularity 

378,379 (Extended Data 5c-d). Together, these results suggest that loss of circulating LPC (18:2) 

associates with aberrant innate immune activation in ICB-driven irAEs, specifically an increase in 

circulating neutrophils.  

Acute neutrophilia in the blood is characteristic of infections or ischemic heart failure380,381, 

while chronic PR3-neutrophilia produces vasculitis and is a feature of rheumatoid arthritis382,383. 

Notably, LPC (18:2) regulates neutrophil function by inducing neutrophil superoxide release287,384. 

Low neutrophil-to-lymphocyte ratio (NLR) ratios are a risk factor for ICB-driven irAEs at 

baseline385,386, however neutrophil measurements in longitudinal blood samples of ICB-treated 

patients have not been reported, and the regulatory role of circulating neutrophils has not been 

studied in this context. Using blood panel analyses from ipilimumab-treated melanoma patients 

(Cohort 1), we observed increased neutrophil levels upon therapy in patients who developed 

severe irAEs (Fig 4c), in contrast to lymphocyte and monocyte excursions which did not 

demonstrate any relationship to immune toxicity (Extended Data 6). LPC (18:2) levels exhibited 

an inverse correlation with neutrophil counts in Cohorts 1 and 2 (Fig 4d), indicating that the 

negative association between blood levels of LPC (18:2) and neutrophils is maintained both in 

healthy individual and ICB-treated cancer patients. In CTLA4h/h mice treated with ipilimumab and 

anti-PD1, neutrophils accumulated in penultimate blood counts (Extended Data 3d); increased 

neutrophil counts have also been reported in peripheral blood387,388 and colons389 of DSS-treated 

mice. In mice acutely supplemented with LPC (18:2), as well as the monosaturated LPC (18:1), 

neutrophils in peripheral blood significantly diminished, whereas the saturated LPC (18:0) did not 

alter neutrophil levels (Fig 4e). These data suggest neutrophilia in ICB-irAE is conserved in mice, 

and neutrophil cellularity in the periphery is negatively regulated by circulating LPC (18:2). 
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Together, data support a functional role for LPC (18:2) as a protective metabolite 

modulator of deleterious inflammation during ICB therapy. In patients treated with ipilimumab or 

pembrolizumab, LPC (18:2) is consistently reduced in those who developed severe irAEs on 

therapy, independently of tumor responsiveness. Indeed, we find LPC (18:2) was maintained at 

consistent levels in anti-CTLA4/anti-PD1 treated C57BL/6 mice bearing B16 subcutaneous 

melanoma, and that LPC (18:2) supplementation mice had no discernible effect upon the tumor 

regression response to ICB treatment (Extended Data 7a-b).  

In summary, we report a novel uncoupling of immune checkpoint blockade toxicity from 

anti-tumor efficacy via a functionally protective circulating lipid. Blood plasma LPC (18:2) levels 

deplete over the course of severe irAE progression, mimicking lower levels observed in other 

autoimmune and inflammatory pathologies. This observation builds on existing reports, where 

lower levels of circulating LPCs of varied acyl substitutions including LPC (18:2) are observed in 

prospective351,363 and prevalent291,361,390 blood sampling of inflammatory conditions.  

The phenotypic ramifications of depleted LPCs in blood are not understood; we describe 

a previously uncharacterized relationship between circulating LPC (18:2), peripheral blood 

neutrophils, and irAE progression. Neutrophil accumulation on ipilimumab directly correlated with 

irAE severity, while both healthy and ICB-treated individuals with low LPC (18:2) levels had higher 

circulating neutrophil counts. LPCs are cAMP-dependent modulators of superoxide release in 

neutrophils384 in an acyl saturation-dependent manner287, but have not as yet been described as 

determinants of circulating neutrophil cellularity. We show LPC (18:2) supplementation in vivo 

rescues ICB- or chemically-induced symptoms of colitis, and negatively regulates peripheral blood 

neutrophil levels. 

This study constitutes a useful contribution to our understanding of immune checkpoint 

blockade toxicity and the progression of severe irAE, specifically through the lens of bioactive lipid 

metabolites like LPC (18:2) as significant regulators of systemic immunity.  
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Figures 

 

 

Figure 2.1: Identification of two circulating lysolipids depleted in ipilimumab toxicity and 

autoimmunity.  

a) Volcano plot for irAE severity logistic regressions in ipilumumab treated melanoma patients 
(Cohort 1, n = 65) of 5951 ubiquitous bioactive lipid LC-MS features. Odds ratio normalized to a 
natural logarithm. b) Tandem mass spectra of m/z 554.3019, corresponding to LPC (18:2) [M+Cl-

]. c) Mean excursions of LPC (18:2) in Cohort 1, error = SEM. d) Natural log odds ratio of prevalent 
autoimmune pathologies in FINRISK-2002 (case: n = 158, control: n = 1712). Error = 95% CI.   
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Figure 2.2: LPC (18:2) and LPC (16:0) loss is a conserved feature of ICB-irAE.  

a-b) Maximum excursion of LPC (18:2) (a) and LPC (16:0) (b) in three cohorts of ICB-treated 
patients, bars = mean. C) Forest plots of natural log odds ratio of irAE severity for LPC (16:0) 
(open) and LPC (18:2) (closed). Error = 95% CI.  
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Figure 2.3: LPC (18:2) supplementation is protective in two models of colitis.  

a) LPC (18:2) (left) and LPC (16:0) (right) abundance in terminal blood of CTLA4h/h C56BL/6 mice 
treated with 100 ug anti-human IgG1 isotype control (hIgFc), 100 ug ipilimumab (Ipi), or 100 ug 
ipilimumab + 100 ug anti-mouse PD1 monoclonal antibody (Ipi + anti-PD1). Antibody treatments 
were administered on Day 10, 13, 16, and 19. b) LPC (18:2) abundance in terminal blood of 
control and 5% w/v DSS-treated C56BL/6 mice. c) Scatter plot of composite toxicity score in 
CTLA4h/h mice with matched LPC (18:2) abundance in terminal blood. d) Toxicity score and 
representative H&E staining in distal colon of CTLA4h/h mice following intraperitoneal 
administration of 100 ug anti-human IgG1 isotype control (hIgFc) or 100 ug ipilimumab + 100 ug 
anti-mouse PD1 monoclonal antibody (ICB), dosed as above. LPC (18:2) was administered 
intraperitoneally at 25 mg/kg on Days 10, 13, 16, 19, 22, and 25.  e) Toxicity score and 
representative H&E staining in distal colon of DSS-treated mice. LPC (18:2) was administered at 
25 mg/kg on Days 0, 2, 4, and 6 of DSS treatment. Bars = mean value, significance: Student’s T-
Test, * = p < 0.05,  **  = p < 0.01.   
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Figure 2.4: LPC (18:2) inversely correlates with neutrophil cellularity in circulation.  

A) Significance of association by linear regression between LPC (18:2) and various myeloid (left) 
and natural killer cell (right) populations in matched blood from healthy individuals (500FG, n = 
491, dotted line indicates p = 0.05 following Bonferroni multiple hypothesis correction). B) 
Quartiles of LPC (18:2) abundance and neutrophil counts as measured by multi-color flow 
cytometry (500FG, left) or by blood analyzer (FINRISK-2002, n = 215, right). Bars = mean. C) 
Fold change of neutrophil counts relative to baseline sampling in Cohort 1 ipilimumab treated 
melanoma patients. Error = SEM. D) Quartiles of LPC (18:2) abundance and neutrophil counts in 
ICB Cohort 1 and Cohort 2. Bars = mean. Significance is derived from linear regression including 
patient and timepoint as covariates to control for internal correlation.  
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Supplementary Figures 

 

Figure S2.1: Chemically related LPC (18:2) and LPC (16:0) in ipilimumab patient outcomes.  

a) Tandem mass spectral chemical network of 5 irAE-associated LC-MS features corresponding 
to [M+Cl-] adducted LPC (18:2) and LPC (16:0). b) Excursion of LPC (16:0) in Cohort 1 ipilimumab 
treated patient blood plasma (n = 65). Error = SEM. c) Abundance of LPC (18:2) and LPC (16:0) 
in baseline sampling from Cohort 1.  
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Figure S2.2: LPC (18:2) and LPC (16:0) excursion on different ICB treatments.  

A-B) Maximum excursion of LPC (18:2) (A) and LPC (16:0) (B) in Cohort 2, broken out by anti-
PD1 monotherapy or anti-PD1 combination ipilimumab.  
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Figure S2.3: Loss and supplementation of LPCs in CTLA4 humanized mice.  

A) Scatter plot of composite toxicity score in CTLA4h/h mice with matched LPC (16:0) abundance 
in terminal blood. Error = 95% CI. B) Blood plasma LPC (18:2) following single dose 
intraperitoneal supplementation in C57BL/6 mice. Bar = mean. C) Toxicity scoring by four criteria 
in CTLA4h/h mice. Bar = mean. D) Blood analysis by complete blood count in Day 41 CTLA4h/h 
mice.   
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Figure S2.4: Loss and supplementation of LPCs in DSS-induced colitis.  

A-B) Percent weight loss (A) and colon length relative to starting body weight (B) in 5% DSS 
treated mice following LPC (18:2) supplementation. C) Toxicity score in cecum and distal colon 
of 5% DSS treated mice following LPC (16:0) supplementation. D) Colon length relative to starting 
body weight in 5% DSS treated mice following supplementation with saturated and unsaturated 
C18-LPCs. 
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Figure S2.5: LPC and immune feature associations in 500FG and FINRISK 2002.  

A) Heat map of LPC associations with immune cellularity by multi-color flow cytometry in 500FG 
(n = 488). Color = effect size with p < 0.05. B) Circulating LPC (18:2) associations by linear 
regression with serum immunoglobulin titers in 500FG (IgG [7.00-16.00 gram/Liter]; IgA [0.70-
4.00 gram/Liter]; IgM [0.40-2.30 gram/Liter]; IgG1 [4.90-11.40 gram/Liter]; IgG2 [1.50-6.40 
gram/Liter]; IgG3 [0.20-1.10 gram/Liter]; IgG4 [0.08-1.40 gram/Liter]. C) Circulating LPC (18:2) 
associations by linear regression with serum cytokines in FINRISK-2002 (n = 2500). D) Quartiles 
of circulating LPC (18:2) and serum interleukin-8 (IL-8) in FINRISK-2002.   
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Figure S2.6: Blood immune cellularity in ipilimumab-treated melanoma patients.  

A) Lymphocyte, monocyte, and neutrophil-to-lymphocyte ratio fold changes by blood analyzer in 
Cohort 1 ipilimumab-treated patients. Error = SEM B) Immune cell counts by blood analyzed in 
Cohort 1 baseline sampling. Bar = mean.  
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Figure S2.7: LPC (18:2) supplementation and ICB response in subcutaneous mouse melanoma. 

A) LPC (18:2) abundance in terminal blood plasma from C57BL/6 mice bearing B16-F10 
subcutaneous melanoma. B) B16-F10 tumor volume following LPC (18:2) supplementation and 
anti-mouse CTLA4 + anti-mouse PD1 intraperitoneal treatment. 
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Methods 

Materials & Cell Lines 

All LPCs (LPC (16:0), LPC (18:0), LPC (18:1), and LPC (18:2)) were purchased from Avanti Polar 

Lipids. Dextran sulfate sodium was purchased from Affymetrix. Autotaxin inhibitor PF-8380 was 

purchased from Tocris. Monoclonal anti-mouse CTLA4 (CD152) and anti-PD1 (CD279) antibody, 

as well as IgG2a isotype control antibody, were purchased from InVivoMAb. Clinical-grade 

ipilumumab was a kind donation from Dr. Sandip Patel (University of California San Diego, 

Moores Cancer Center). B16-F10 cells were a kind donation from the lab of Stephen 

Schoenberger (La Jolla Institute).  

Cohort Information 

Archived and de-identified blood plasma samples were obtained in accordance with the 

institutional review boards of each institute (University of Southampton, Yale University, University 

of California San Diego, FINRISK and 500FG IRB). 

Bioactive Lipid Extraction from Blood Plasma 

Na-EDTA or heparin prepared blood samples were thawed from storage at -80°C overnight in 

light-free conditions at 4°C. All extractions were performed in 96-well format. 20uL of each sample 

were mixed with 80uL of -20°C ethanol containing 20 deuterated standards to precipitate protein 

and extract lipid content. Samples were vortexed at 4°C and 500rpm for 15 minutes and 

centrifuged for 10 minutes to sediment protein content. From each supernatant, 65uL were taken 

and mixed with 350uL water in an Axygen 500uL retention v-bottom 96 well plate. To improve 

extraction, an additional 65uL of -20°C ethanol was added gently to the protein pellet, vortexed 

gently by hand for 15 seconds, and added to the same well. 

Complete extracted sample volumes were loaded onto a Phenomenex Strata-X 10mg/mL 

polymeric solid phase extraction (SPE) 96-well plate pre-washed stepwise with 600uL methanol, 
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600uL ethanol, and equilibrated with 900uL water. Following gravity elution from each SPE well, 

600uL of 9:1 water:methanol were added as a wash, pulled through slowly at 5mmHg, and then 

increased to 20mmHg for 45 seconds to fully dry each SPE. Bound metabolites enriched for 

bioactive lipids were then eluted in 450uL ethanol into a fresh 500ul Axygen v-bottom plate. 

Sample eluate was dried in a vacuum concentrator at 40°C until completely dried, before adding 

50uL per well of 75:20:5 water:methanol:acetonitrile containing 10uM CUDA as resuspension 

solvent. Sample plates were vortexed at 500 RPM for 10 minutes at 4°C to fully resuspend 

metabolites, before transferring to 300uL glass inserts in a 96-well Greiner deep well plate and 

immediately sealed. Samples were then immediately analyzed via LC-MS/MS. 

Liquid Chromatography-Tandem Mass Spectrometry 

Directed, nontargeted liquid chromatography tandem mass spectrometry for the detection of 

bioactive lipid metabolites was performed as described previously355. LC-MS/MS was performed 

on a Thermo Vanquish UPLC system coupled to a Thermo QExactive Orbitrap mass 

spectrometer. Injection volume for each sample was 20uL onto a Phenomenex Kinetex C18 

(1.7um particle size, 100 x 2.1 mm) column. Mobile phases were composed of; A: 70% water, 

30% acetonitrile, 0.1% acetic acid, and B: 50% acetonitrile, 50% isopropanol, 0.02% acetic acid. 

Flow rate was a constant 0.375 mL/min, with gradient mobile phase as follows: 1% B from -1.00 

minutes to 0.25 minutes, 1% to 55% B from 0.25 minutes to 5.00 minutes, 55% B to 99% B from 

5.00 minutes to 5.50 minutes, and 99% B from 5.50 minutes to 7.00 minutes. Column temperature 

was 50°C, with a 50:25:25:0.1 water:acetonitrile:isopropanol:acetic acid needle was set to 5 

seconds post-draw. Mass detection was performed with an equipped heated electrospray 

ionization (HESI) source with manually optimized source geometry355. Negative mode profile data 

was acquired for all samples, with sheath gas flow, aux gas flow, and sweep gas flow of 40, 15, 

and 2 units, respectively. Spray voltage was -3.5kV, and capillary and aux gas temperature were 

265 and 350°C, respectively, with S-lens RF at 45. MS1 scan events were in a scan range of m/z 
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225-650, mass resolution of 17.5k, AGC of 1e6 and inject time of 50ms. To assist quantification 

and aligning intra- and inter-cohort chromatographic drift, tandem mass spectra were acquired 

using collision-induced dissociation (CID). Data independent acquisition (DIA) acquired in the 

following four mass windows: m/z 240.7–320.7, m/z 320.7–400.7, m/z 400.7–480.7, and m/z 

480.7–560.7, with a mass resolution of 17.5, and AGC of 1e6, and an inject time of 40ms. 

Metabolite matching to LC-MS features was performed against an in-house library of bioactive 

lipids or by matching high quality tandem mass spectra against target features when identified. 

LC-MS Data Handling 

LC-MS peak identification was performed using deep neutral network-based classification as 

described previously391. Briefly, Thermo raw to mzXML file conversion was performed using 

MSconvert version 3.0.9393 (ProteoWizard), from which initial bulk LC-MS feature alignment was 

performed using in-house, R-based landmark identification and retention time correction. 

Chromatographic drift-corrected mzXML were then converted into composite raster image files 

including m/z and retention time windows bounding putative features. High-confidence features 

were then identified using a trained neutral network specific for this LC-MS/MS method. 

Semiquantitative comparisons of LC-MS features utilized peak height intensity values. 

Animal Handling 

Mice were exclusively of the C57BL/6 background, purchased originally from the Jackson 

Laboratory. Subcutaneous tumor modeling and dextran sulfate sodium experiments were 

performed on mice housed in pathogen-free conditions at the La Jolla Institute for Immunology 

(La Jolla, CA), while CTLA4h/h ICB-irAE experiments were performed at the Institute for Human 

Virology at University of Maryland (Baltimore, MD). All procedures involving mice were performed 

according to the respective Institutional Animal Care and Use Committee.  

Dextran Sulfate Sodium-Induced Colitis Model 
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Colitis was induced in 9-12 week C57BL/6 using 5% dextran sulfate sodium (DSS) (Affymetrix) in 

drinking water. Same sex littermates were utilized; data from male mice, in which colitis was more 

robustly induced, are reported here, with results validated in female mice. Mice were given 5% 

DSS for 5 days, followed by two days on untreated water. Primary humane experimental endpoint 

was body weight loss in excess of 20% starting weight, measured daily. In some cases, mice 

were administered intraperitoneally with either control saline solution or indicated concentration 

of LPC. Severity of colitis was measured at experiment termination by body weight loss, colon 

length, and histological criteria (below). 

Where indicated, blood was collected in EDTA-coated Eppendorf tubes from terminal mice by 

cardiac puncture, with cervical dislocation as secondary euthanasia. Blood was immediately 

centrifuged at 2000 RPM and 4°C for 20 minutes to collect blood plasma, which was stored at -

80°C until analysis. 

CTLA4 Humanized Mouse 

Mice expressing human CTLA4 under the endogenous mouse Ctla4 locus, backcrossed onto the 

C57BL/6 background, have been described previously367. Same sex littermate mice were used, 

with data from female mice where irAE presentation was most robust. Antibodies and LPC (18:2) 

were administered intraperitoneally at the indicated dose and time interval. Primary humane 

experimental endpoint was body weight loss in excess of 20%, measured every third day. Mice 

were humanely euthanized for toxicity scoring and blood plasma LC-MS analysis on Day 42. 

Complete blood counts were collected on Day 41 (penultimate) of treatment from 50 uL of blood, 

collected in EDTA-coated Eppendorf tubes and analyzed by HEMAVET HV950 blood analyzer 

(Drew Scientific), according to manufacturer’s protocol. 

Histology 
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Multi-organ ICB toxicity scores in CTLA4h/h mice were generated from heart, lung, salivary gland, 

colon, and liver as described previously by Du et al367.  

Distal colon or cecum toxicity was determined from hemotoxilin and eosin stained tissues as 

described by Krause et al392. Briefly, cecum and distal colon samples were collected and fixed in 

zinc formalin (Medical Chemical Corporation) for at least 24 hours prior to paraffin embedding. 

Tissue was stained with hemotoxilin and eosin, and at least six representative 5um slices were 

collected from each tissue for embedding on slides. Image acquisition was performed on an 

Axioscan Z1 platform (Zeiss), using a 20x objective lens, utilizing the Zen 2.3 software automatic 

scan mode. Slides were blinded and then scored on a composite of the following criteria: 

inflammation (0 = none, 1 = mild, 2 = moderate, 3 = severe); infiltration (0 = none, 1 = mucosal or 

submucosal, 2 = mucosal and submucosal, 3 = transmural); crypt damage (0 = none, 1 = basal 

1/3 damaged, 2 = basal 2/3 damaged, 3 = only surface epithelium intact, 4 = entire crypt and 

epithelium lost); and edema (0 = none, 1 = 1.5-2x submucosal thickness, 2 = >2x submucosal 

thickness). 

Subcutaneous Tumor Modeling 

C56BL/6 mice were used to model tumor growth and anti-tumor ICB efficacy. B16-F10 melanoma 

cells (1E6) were seeded in subcutaneous flanks in 9-12 week old mixed gender littermate mice. 

Tumor volume was measured as (A x B2)/2, where A = the largest and B = the smallest diameter 

by caliper. Primary humane experimental endpoint was body weight loss in excess of 20% or 

tumor volume in excess of 2000mm3.  Where indicated, 100 ug anti-mouse CTLA4 and 100 ug 

anti-mouse PD1 or 200 ug IgG2 isotype control antibody (InVivoMAb), or 25 mg/kg LPC (18:2), 

were administered intraperitoneally in 100 µL saline on Days 4, 7, 11, and 14 following tumor 

seeding. 

Statistical Analysis 
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Associations between changes in bioactive lipid abundance and irAE severity were handled as 

ordinal logistic regressions between “none”, “Grade I/II”, and “Grade III/IV” groups; anti-tumor 

response associations were similarly handled as ordinal according to RECIST 1.1 metrics358 of 

efficacy. Maximum excursion was treated as the largest absolute magnitude fold change of an 

LC-MS feature peak height relative to patient’s baseline sample following base-2 logarithmic 

transformation. Regressions included patient age and sex as covariates. 

For continuous variables, including PBMC cellularity, linear regressions were performed against 

base-10 log transformed variables, with age, sex, and body mass index (BMI) as covariates. 
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Chapter 3: Microbial-Derived Metabolites as Immunotherapy Response Predictors 

 

Bile Acid Glucosides are Predictors of Immune Checkpoint Inhibitor Response and Promote Anti-

Tumor Immunity 

 

Ian T. Mathews, Igor Segota, Mir Henglin, Kysha Mercader, Saumya Tiwari, Amelia Palmero, Jeff 

Ding, Mahan Najahawan, Khoi Dao, Serena JDW Chee, Allison Campbell, Pandurangan 

Vijayanand, Sandip P Patel, Susan M. Kaech, Christian Ottensmeier, Roy Decker, Abijit Patel, 

Mihai Netea, Susan Cheng, Tao Long, Mohit Jain, and Sonia Sharma 

Abstract 

Response to immune checkpoint blockade (ICB) in patients with solid tumors can be predicted by 

the abundance of certain gut commensal microbes. Whether and how these intestinal bacteria 

influence anti-tumor immunity is unknown. Here, we report the abundance of one gut microbe 

with previously identified positive association to anti-PD1 responsive, Biffidobacterium longum, 

associates with a broad array of metabolites in matched blood plasma. One such metabolite, a 

dihydroxy- bile acid, is positively associated with pembrolizumab response in a cohort of lung 

carcinoma patients. Chemically related bile acids are either PD1 or CTLA4 response predictive in 

cancer patients and exhibit strong correlates to effector and effector memory T-cell populations 

in healthy individuals. These observations support bile acid glucosides as liver and leukocyte-

metabolized second messengers in microbiome influences on anti-tumor immunity.  

 The immune checkpoint is a colloquialism used to describe ligand-receptor pairs at the 

immune synapse which act as costimulatory or coinhibitory, “go vs no-go” signals following 

antigen recognition393. Immune checkpoint blockade interrupts coinhibitory signals by binding 

humanized, monoclonal antibodies to receptors like CTLA4 and PD1 on T-cells to blunt their 

anergic effect on primarily effector T-cells. Immunotherapy which combines CTLA4 and PD1-

targeting therapies have shown particular clinical success; three year survival rate for ipilimumab 



 
109 

plus nivolumab combination therapy was 58 percent in Phase III clinical trial (CheckMate 067)156. 

Nevertheless, a persistent subgroup of solid tumors are unresponsive to ICB-based interventions 

without clear next steps in advancing intervention quality for these patients. 

 The determinants of immune checkpoint blockade response include the abundance, 

clonality, and immunogenic nature of tumor neoantigens95,180,187, the correlated capacity for the 

cell to manage genomic instability210-212,394), and the prevalence and magnitude of anergy in tumor 

infiltrating lymphocytes149,198,395,396. Additionally, multiple groups have reported the gut 

microbiome, the collection of commensal bacteria and archaea detectable by metagenomic 

sequencing in stool, can distinguish responder from non-responder groups effectively in baseline 

sampling244-246. Key experiments in these studies, particularly the identification of species-level 

correlations and stool transplant in vivo support the hypothesis that members of the gut 

microbiome actively promote anti-tumor immunity and ICB response. Elucidating the mechanisms 

by which this effect may propagate can also serve as a means to critically examine this 

hypothesis. 

 One potential mechanism by which the gut microbiome may influence the immune system, 

specifically anti-tumor immunity at potentially distant tumor cites, is through the production of 

unique second messenger metabolites that influence immune function. The gut microflora 

orchestrates critical metabolic processes for which humans lack the relevant enzymes, 

particularly around nitrogen and sugar metabolism. Additionally, the gut microbiome produces 

unique lipid metabolites with potential immune signaling function397, including compounds like 

short-chain fatty acids (SCFAs)398,399 and odd-chain fatty acids400. A second tier of microbiome-

influenced signaling metabolites include secondary metabolic products from host compounds, the 

most prominent being FXR/LXR signaling by bile acids401,402. Of note, microbially-influenced 

metabolites can be absorbed through the intestinal villi and make their way to the liver and wider 

circulation, potentially influencing distant processes. 
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 To evaluate microbially-influenced metabolites in circulation, we utilized patient sampling 

from the longitudinal FINRISK-2002 study, for which robust stool 16S microbial sequencing data 

were available with paired blood plasma. We used liquid chromatography coupled mass 

spectrometry for directed detection of known and novel bioactive lipids346,355 from FINRISK-2002 

blood plasma. By identifying observable species units corresponding to unique microbes (see 

Methods), we can identify LC-MS features differentially abundant in individuals with higher levels 

of response-associated microbes (Figure 3.1A). We chose Biffidobacterim longum as a candidate 

ICB driver bacteria in this study, owing to the strong evidence for functional relevance of B. longum 

in Matson et al’s stool transfer experiment246. We detected 323 LC-MS features that met a robust 

false discovery correction cutoff as associated with B. longum prevalence in matched stool, of 

which 112 features were positively correlated (Figure 3.1B). 

 We tested the ICB response predictive value of these B. longum positively associated 

features in a cohort of advanced lung carcinoma patients treated with anti-PD1 IgG4 isotype 

antibody pembrolizumab and stereotactic radiation beam therapy (NCT02407171)366. Of the 112 

LC-MS features measured in this cohort, one met statistical cutoff as a response-associated 

feature (Figure 3.1C). The LC-MS feature in question (Peak 1) was not identified in our library of 

225 bioactive lipid standards346. Its response association appeared to be dichotomous; the B. 

longum associated metabolite was comparably elevated in patients with both stable and partial 

or complete response by RECIST 1.1 metrics358 compared to progressive disease (Figure 3.1D). 

 Identifying the chemical structure of this candidate ICB response metabolite was 

necessary for testing functional relevance in greater detail. We therefore employed tandem mass 

spectrometry and chemical networking356 against other metabolites in blood and chemical 

standards to aid in identifying chemically related metabolites. Significant structural matching to 

bile acid standards indicated Peak 1 was chemically related to glycine-conjugated dihydroxy bile 

acids (ex: glycochenodeoxycholic acid). Several isobaric metabolites with tandem mass spectral 
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similarity to bile acids were detected in blood plasma (Figure 3.2A), though none of these features 

were significantly associated with pembrolizumab response. We became interested in whether 

Peak 1 and its related bile acids were associated with anti-tumor response in other ICB regimens. 

Interestingly, we observed bile acid metabolites, specifically isobars of Peak 1, were positively 

associated with response in baseline blood plasma sampling of ipilimumab-treated melanoma 

patients (n = 60). A particularly strong association was observed for an isobar of Peak 1 we termed 

Peak 2 (Figure 3.2B). By tandem mass spectral deconvolution, we were able to putatively identify 

this class of bile acid metabolites as hexose conjugates, better known as bile acid glucosides 

(Figure 3.2C). Like glucuronides, glucosides are common conjugations to sterols and other 

cholesterol metabolites like bile acids403,404, commonly believed to predominantly function as 

kinetic modulators of circulating bile acid levels through improved excretion405. While 

glucosidation of bile acids has not been reported as phenotypically distinct from other forms of 

sugar conjugation, bile acid glycosides have not undergone extensive characterization as 

signaling metabolites. We observe a ICB-predictive trend for four isobaric bile acid glucosides 

(Figure 3.2D). Of note, we observe no association for related bile acid glucuronides (Figure 3.2E) 

or n-acetyl glucosamides (Figure 3.2F).   

 The association between Peak 1 bile acid glucoside and B. longum observed in healthy 

individuals, and the context of pre-therapy predictive value in which Peak 1 was identified, led us 

to hypothesize that bile acid glucosides could impact systemic immunity in healthy individuals in 

a manner relevant to immune checkpoint blockade. In order to test this hypothesis, we measured 

bile acids and bile acid glucosides in 512 healthy individuals from the 500 Functional Genomes 

(500FG) cohort, for which peripheral immune cellularity of 80 distinct lymphoid and myeloid cell 

types are recorded225. Significant peripheral blood cellularity associations, particularly among cell 

types involved in immunological memory, were observed for Peak 1, Peak 2, and related bile acid 

metabolites (Figure 3.3). Peak 1 and Peak 2 bore strong positive correlations with central memory 
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and antigen-mature T-cell populations (CD45RO+; CD45RA--, CD4/8+, CD27+). Central memory 

T-cells, particularly CD4+ CD27+ memory T-cells in the periphery, have been positively linked to 

ICB responsiveness406; intratumoral memory T-cells also have positive response correlations 

when absent of anergy markers171,396. 

 As we began to functionally characterize bile acid glucosides in systemic immunity, we 

became interested in the metabolism of bile acid glucosides and what we could glean from 

population-level human data with bile acid glucoside measurements. We utilized paired genomic 

and metabolomic information from FINRISK-2002 to identify genomic variants which associate 

strongly with bile acid glucoside abundance. We posited that genes relevant to the production of 

bile acid glucosides in humans would, when disrupted by a nonsynonymous mutation, have 

differential levels of bile acid glucosides in circulation. While neither Peak 1 nor Peak 2 were 

observed with statistically robust associations to any one polymorphism, glucosides of 

glycochenodeoxycholic acid and glycodeoxycholic acid significantly associated with 

polymorphisms in three genes (Figure 3.4A-B). Glycochenodeoxycholic acid glucoside bore a 

robust correlation with a missense mutation in the Solute Carrier Organic Anion Transporter 

Family Member 1B1 (SLCO1B1), a liver-restricted transported of estradiol glucuronides and drug 

glycosides, including statins407,408. Glycodeoxycholic acid glucoside was modestly associated with 

a missense mutation in the illeal-restricted SLC family member SLC10A2, a canonical bile acid 

transporter which mediates uptake from the gut409,410, as well as an intronic mutation in maltase-

glucoamylase (MGAM), an enzyme uncharacterized in bile acid metabolism. 

 MGAM is a brush border enzyme in the intestine which works in concert with sucrase-

isomaltase and other sugar α-glucosidases to break down dietary starch411. Because the 

glucosyltransferase involved in adding a glucose to various bile acids in the liver is believed to act 

in concert with β-glucosidases403,404, we hypothesized MGAM as an α-glucosidase may be 

important in the metabolism of bile acid glucosides. Of note, while MGAM has been predominantly 
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characterized as a brush border enzyme in the intestine, its tissue distribution is actually quite 

enriched in whole blood and bone marrow412,413. We therefore tested whether bile acid glucosides 

can be made via incubation with whole blood or peripheral blood mononuclear cells (PBMCs), in 

addition to the canonical production of bile acid glucosides from liver microsomes. Intriguingly, we 

found not only that bile acid glucosides could be made from both liver microsomes and PBMC 

cultures, but that the chromatographic profile of liver and PBMC-derived products were distinct 

(Figure 3.4C), indicating unique conjugation positions on the steroid ring of the bile acid. The 

possibility of lymphocyte-derived bile acid glucosides of unique chemistries is an observation 

which requires additional characterization, including phenotypic characterization in tissue-

resident and tumor infiltrating lymphocytes. 

 Finally, we sought to understand the functional relevance of glucoside conjugation to bile 

acids as secondary messengers. To determine whether glucoside conjugation differentially 

impacted bioavailability of bile acid in circulation405, we tested intravenous injection in mice of 

unconjugated chenodeoxycholic acid, glycochenodeoxycholic acid, and glycochenodeoxycholic 

acid glucoside and measured their relative abundance over time (Figure 3.5). There was no 

observed benefit or detriment to bioavailability conferred by glucoside conjugation, indicating any 

functional relevance to immune function of bile acid glucosides is likely not related to maintaining 

the circulating pool of bile acid.  

Concluding Remarks 

 Altogether, our study represents a potential mechanism by which gut microbes may affect 

anti-tumor immunity and immune checkpoint response. Bifidobacterium longum levels were 

directly correlated to circulating bile acid glucosides, metabolic products of gut microbial enzymes 

and blood or liver glucosyltransferases. We found in ICB-treated individuals, bile acid glucosides 

positively correlated with response at baseline; in healthy individuals, they positively correlated 

with response-linked memory T-cell subsets. 



 
114 

 This study does not directly address the function of bile acid glucosides in circulation. We 

found the glucoside on glycochenodeoxycholic acid does not considerably alter bioavailability, 

but have not linked glucose conjugation to any other relevant phenotype. Sterol glycosides have 

been reported as TLR4414 or GPCR415 agonists. Estradiol glucuronide may be an instructive model 

for considering bile acid glucosides; compared to unconjugated estradiol, estradiol glucuronide 

has a greatly decreased affinity of estrogen nuclear receptor and much higher for its GPCR 

analogue415,416. Bile acids are variable activators of the nuclear receptors FXR, LXR, and VDR402, 

an effect which may be abrogated in favor of an unknown plasma membrane receptor interaction 

by bile acid glucosides. 

 Characterization of bile acid glucosides in vivo should take into consideration context and 

timing, especially in relationship to immune checkpoint blockade. Our data indicate bile acid 

glucosides are rapidly distributed and/or metabolized following administration, with a half-life of 

fewer than six hours. Studying immune fitness following bile acid glucoside administration, and 

the lag time to systemically observable effects on systemic immunity, may set the timing for bile 

acid glucoside administration for an immune checkpoint blockade study. 

 In conclusion, these data describe a microbiome-derived metabolite with immune 

checkpoint blockade response and systemic immune fitness correlates. The structure of this study 

may be mimicked to better understand the role of small molecule metabolites in mediating the 

diverse and often mechanistically unknown influences of the microbiome on human health.   
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Figures 

 

Figure 3.1: Biffidobacterium longum associated LC-MS features with pembrolizumab response 

association. 

A) Schematic for detection of candidate microbially-influenced metabolites from matched 16S 

stool sequencing and peripheral blood plasma. B) Modified Manhattan plot of 29420 bioactive 

lipid LC-MS features detected blood plasma from FINRISK-2002 (n = 912), by association with 

Biffidobacterium longum matched OSU in stool. C) Volcano plot of 112 B. longum positively 

associated LC-MS features by baseline association to pembrolizumab response in NSCLC 

patients (n = 47). Red highlighted dot indicates Peak 1. D) Abundance of Peak 1 in 

pembrolizumab cohort baseline sampling. 
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Figure 3.2: Identification of response-associated bile acid glucosides. 

A) Tandem mass spectra of Peak 1 (top) and chemically related response metabolite (bottom) in 

ipilimumab-treated melanoma patients. B) Abundance of Peak 2 in ipilimumab-treated melanoma 

patients (n = 60). C) Structure of the dihydroxy bile acid glucoside glycochenodeoxycholic acid-

3-glucoside. D-F) Natural logarithmic odds ratio for response in relationships with p < 0.05 in 

ipilimumab or pembrolizumab treated individuals for bile acid D) glucosides, E) glucuronides, and 

F) n-acetyl glucosamides.   
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Figure 3.3: Bile acid glucosides associate with distinct immune cellularity profiles in healthy 

individuals. 

Association between detected dihydroxy-, glycine-conjugated bile acids and bile acid glucosides 

in 500FG (n = 512) queried from 80 distinct lymphoid and myeloid PBMC populations. All immune 

cell populations listed had at least one relationship p < 0.05.   
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Figure 3.4: Circulating Bile Acid Glucoside Levels are Transporter and MGAM-dependent. 

A-B) Manhattan plots of variant associations in FINRISK 2002 (n = 1285) and abundance in blood 

plasma of A) glycochenodeoxycholic acid-3-glucoside and B) glycodeoxycholic acid-3-glucoside. 

C) Chromatograms of bile acid glucosides in pooled blood plasma or from indicated incubations 

with microsomal fractions or PBMCs.  
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Figure 3.5: Glucoside conjugation does not increase blood retention of bile acid. 

Abundance of chenodeoxycholic acid of indicated conjugation in peripheral blood plasma 

following tail vein intravenous administration. Data are relative to endogenous levels of indicated 

metabolite and normalized to the earliest time point measured.   
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Materials and Methods 

Cohort Information. Archived and de-identified blood plasma samples were obtained in 

accordance with the institutional review boards of each institute (University of Southampton, Yale 

University). 

FINRISK 16S Sequencing and OSU Designation. FINRISK-2002 sample handling, 16S 

sequencing and data handling, and identification of microbial species was performed as described 

previously417. 

Bioactive Lipid Directed LC-MS/MS. Data were acquired as described in Chapter 2. Briefly, Na-

EDTA or heparin prepared blood samples were thawed from storage at -80°C overnight in light-

free conditions at 4°C. All extractions were performed in 96-well format. 20uL of each sample 

were mixed with 80uL of -20°C ethanol containing 20 deuterated standards to precipitate protein 

and extract lipid content. Samples were vortexed at 4°C and 500rpm for 15 minutes and 

centrifuged for 10 minutes to sediment protein content. From each supernatant, 65uL were taken 

and mixed with 350uL water in an Axygen 500uL retention v-bottom 96 well plate. To improve 

extraction, an additional 65uL of -20°C ethanol was added gently to the protein pellet, vortexed 

gently by hand for 15 seconds, and added to the same well. 

Complete extracted sample volumes were loaded onto a Phenomenex Strata-X 10mg/mL 

polymeric solid phase extraction (SPE) 96-well plate pre-washed stepwise with 600uL methanol, 

600uL ethanol, and equilibrated with 900uL water. Following gravity elution from each SPE well, 

600uL of 9:1 water:methanol were added as a wash, pulled through slowly at 5mmHg, and then 

increased to 20mmHg for 45 seconds to fully dry each SPE. Bound metabolites enriched for 

bioactive lipids were then eluted in 450uL ethanol into a fresh 500ul Axygen v-bottom plate. 

Sample eluate was dried in a vacuum concentrator at 40°C until completely dried, before adding 

50uL per well of 75:20:5 water:methanol:acetonitrile containing 10uM CUDA as resuspension 

solvent. Sample plates were vortexed at 500 RPM for 10 minutes at 4°C to fully resuspend 
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metabolites, before transferring to 300uL glass inserts in a 96-well Greiner deep well plate and 

immediately sealed. Samples were then immediately analyzed via LC-MS/MS. 

Directed, nontargeted liquid chromatography tandem mass spectrometry for the detection of 

bioactive lipid metabolites was performed as described previously355. LC-MS/MS was performed 

on a Thermo Vanquish UPLC system coupled to a Thermo QExactive Orbitrap mass 

spectrometer. Injection volume for each sample was 20uL onto a Phenomenex Kinetex C18 

(1.7um particle size, 100 x 2.1 mm) column. Mobile phases were composed of; A: 70% water, 

30% acetonitrile, 0.1% acetic acid, and B: 50% acetonitrile, 50% isopropanol, 0.02% acetic acid. 

Flow rate was a constant 0.375 mL/min, with gradient mobile phase as follows: 1% B from -1.00 

minutes to 0.25 minutes, 1% to 55% B from 0.25 minutes to 5.00 minutes, 55% B to 99% B from 

5.00 minutes to 5.50 minutes, and 99% B from 5.50 minutes to 7.00 minutes. Column temperature 

was 50°C, with a 50:25:25:0.1 water:acetonitrile:isopropanol:acetic acid needle was set to 5 

seconds post-draw. Mass detection was performed with an equipped heated electrospray 

ionization (HESI) source with manually optimized source geometry355. Negative mode profile 

data was acquired for all samples, with sheath gas flow, aux gas flow, and sweep gas flow of 40, 

15, and 2 units, respectively. Spray voltage was -3.5kV, and capillary and aux gas temperature 

were 265 and 350°C, respectively, with S-lens RF at 45. MS1 scan events were in a scan range 

of m/z 225-650, mass resolution of 17.5k, AGC of 1e6 and inject time of 50ms. To assist 

quantification and aligning intra- and inter-cohort chromatographic drift, tandem mass spectra 

were acquired using collision-induced dissociation (CID). Data independent acquisition (DIA) 

acquired in the following four mass windows: m/z 240.7–320.7, m/z 320.7–400.7, m/z 400.7–

480.7, and m/z 480.7–560.7, with a mass resolution of 17.5, and AGC of 1e6, and an inject time 

of 40ms. Metabolite matching to LC-MS features was performed against an in-house library of 

bioactive lipids or by matching high quality tandem mass spectra against target features when 

identified. 
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LC-MS Data Handling. LC-MS peak identification was performed using deep neutral network-

based classification as described previously391. Briefly, Thermo raw to mzXML file conversion 

was performed using MSconvert version 3.0.9393 (ProteoWizard), from which initial bulk LC-MS 

feature alignment was performed using in-house, R-based landmark identification and retention 

time correction. Chromatographic drift-corrected mzXML were then converted into composite 

raster image files including m/z and retention time windows bounding putative features. High-

confidence features were then identified using a trained neutral network specific for this LC-

MS/MS method. Semiquantitative comparisons of LC-MS features utilized peak height intensity 

values. 

Bile Acid Glucoside Synthesis. Human liver microsome (Corning) bile acid glucoside reactions 

were performed with octyl-glucopyranoside as described previously404. Incubation in EDTA-whole 

blood or peripheral blood mononuclear cells were performed in an analogous manner, 

coincubating with maltose (Sigma) as a sugar donor. 
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