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ABSTRACT OF THE THESIS 

 

Exploration of Endothelial Cell Directed Innate Immunity in Leprosy 

Jon Kibbie 

 

Master of Science in Microbiology, Immunology and Molecular Genetics 

University of California, Los Angeles, 2013 

Professor Robert L. Modlin, Chair 

 

As an initial point of contact with circulating innate immune precursor cells, the 

endothelium is poised to deliver instructive signals that influence innate immune cell activation 

and differentiation. In an attempt to study the endothelial innate immune interaction during an 

inflammatory state we developed a novel bioassay that identified activated endothelium by its 

capacity to trigger macrophage inflammatory protein 1 beta (MIP1 from primary monocytes. 

After screening a small molecule library consisting of 642 compounds, we identified two 

structurally unique chemical families that were able to specifically activate the endothelium. 

Structure-function analysis combined with transcriptional profiling identified inflammatory gene 

networks induced exclusively by the active compounds and allowed us to further identify 

important regulators of endothelial activation.  

With the discovery of these unique endothelial activators we sought to further 

characterize the CD209 positive macrophage populations arising from this interaction.  As seen 

in human leprosy, a stark spatial distribution of CD209 positive macrophage (MΦ) subsets is 
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linked to the fate of the host and pathogen.  We recapitulated divergent CD209 positive M 

subsets through primary cell co-culture phenotypic screens, identifying perturbations that 

licensed the endothelial microenvironment to skew monocytes towards the CD209 positive and 

CD163 negative MΦ subset that is equipped for host defense. Transcriptional profiling of 

endothelial cells polarized by these structurally diverse activators revealed a subset of mutually 

regulated genes, and integration with the transcriptome profiles from leprosy lesions led to the 

discovery that jagged1 (JAG1) expression strongly correlates with the spatial distribution of 

CD209 positive MΦ subsets at the site of disease.  These findings suggest that soluble JAG1 may 

facilitate antimycobacterial human innate immune responses.  
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CHAPTER 1 

INTRODUCTION 

The endothelium as a regulator of immune function 
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Introduction  

As a major component of the vascular wall, the endothelium is considered an important 

regulator of several vital cellular processes in health and disease. The endothelium has been 

shown to be important in metabolic homeostasis, blood flow, cancer development 

(angiogenesis), inflammation and immune cell trafficking
1-6

. Under inflammatory conditions, 

infection or injury, the endothelium acts as an important mediator of immune cell recruitment 

and trafficking. This process is typically facilitated by the increase in permeability of the 

endothelial cell layer, the production and secretion of chemokines and cytokines such as CCL5, 

IL-8 and CCL2, and the up regulation of adhesion molecules such as ICAM, VCAM and various 

E-Selectin. These molecular cues and physiological changes signal circulating immune cells to 

attach to and facilitate their trafficking across the endothelial cell wall
1-6

. While it has been 

shown that this process activates traversing immune cells
7-9

, the extent of the importance of this 

interaction has just began to be studied in depth. 

The endothelium as an instructor of immune cell fate 

Due to the close synapse formed during immune cell trafficking, the endothelium is 

poised to deliver instructional signals to immune cells. Many early studies found that the 

endothelium was a potent activator of both innate and adaptive immune cells during 

inflammation
7-9

. Initially this activation was observed by changes in production of cytokine and 

the expression of activation markers on the immune cell surface
7-9

. However as the interaction 

was studied in more depth, it was determined to have a greater influence on immune cell 

differentiation. In the pivotal work of Randolph et al, the authors determine the influence of the 

endothelium on macrophage and dendritic cell differentiation. They observe that upon 

diapedesis, monocytes differentiate into both macrophages and dendritic cells
10

. This work was 
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one of the first to show that the endothelium can not only direct immune cells to the site of 

inflammation but also instruct them to differentiate into committed subsets of immune effector 

cells.  With the ability to not only direct immune cell trafficking but also effect immune cell 

differentiation, the endothelium can act as a potential target for therapies targeting disruption of 

homeostasis, such as in infection or chronic inflammatory disease.  

The endothelium as immune therapy target 

 The endothelium has been an attractive target for therapies directed against vascularized 

cancers
11

 as well as inflammatory diseases such as atherosclerosis
12

. In regards to cancer 

therapies, the primary focus has been targeting factors that promote angiogenesis. By 

interrupting the ability of a tumor to form new vascular beds, the treatment essentially starves the 

tumor of vital nutrients. However there have been several studies looking at tumor endothelium 

as a target for immune rejection and activation
11

.  Much of the therapy targeting the vascular 

endothelium in chronic inflammatory diseases such as atherosclerosis has been aimed and 

preventing recruitment of immune cells and decreasing endothelial cell wall permeability
12

.  It is 

clear from these studies as well as countless others that the role of the endothelium in the 

progression of inflammation in health and disease is an attractive target for immune based 

therapy.  

Innate immune subsets in human disease 

Monocytes, the precursors to macrophages (M) and dendritic cells (DC), continuously 

exit the circulation during health and disease, encountering distinct microenvironments that 

influence M heterogeneity. Across a number of infectious and chronic inflammatory conditions 

such as leprosy, atherosclerosis, obesity and some forms of cancer, the expression levels of 

CD40, a costimulatory protein found on antigen presenting cells, and/or CD163, a scavenger 
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receptor for the hemoglobin-haptoglobin complex, on M correlate with disease outcomes
13-31

.  

This is exemplified in human leprosy, in which we recently demonstrated that clinical outcomes 

are closely linked with divergent expression of CD40 and CD163 on the CD209+ M within 

disease lesions.  Specifically, the self-limited form is characterized by CD209+ M with low 

expression of CD163, high expression of CD40, and effective vitamin D mediated antimicrobial 

effects, while the disseminated form of the disease is characterized by CD209+ M with higher 

CD163, lower CD40 expression, and laden with bacteria and host-derived lipids
23, 26

.  As 

apparent in these pathogenic conditions, macrophage subset differentiation can have important 

roles in homeostasis and disease progression.  
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CHAPTER 2 

Identification of Novel Endothelial Activators 
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Abstract                                                                                                                                        

 The endothelium is a key cell involved in promoting inflammation in many chronic 

inflammatory conditions such as cardiovascular disease. Conversely, when treating various 

vascularized tumors and microbial infections an augmented immune response can be protective. 

To date there have been several small molecule screens that have sought to identify agents which 

prevent endothelial cell activation. However, there has been a lack of reported small molecule 

screens that attempt to identify agents that induce endothelial cell activation. In an attempt to 

address this issue, we developed a bioassay that identifies activated endothelium by its ability to 

induce the production of MIP1 beta from primary monocytes and screened a small molecule 

library consisting of 642 compounds. After finding a family structurally similar inflammatory 

compounds, 96 analogs were prepared by solid phase split-and-pool synthesis. Structure-function 

analysis enabled the generation of structurally similar yet functionally distinct compounds. 

Transcriptional profiling of active and inactive analogues identified inflammatory gene networks 

induced exclusively by the active compound. The identification of a family of small molecules 

that augment monocyte activation through endothelial cell stimulation helps to further elucidate 

gene networks involved in endothelial inflammation as well as the development of novel 

immunotherapeutic agents that specifically target the endothelium.
32
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Introduction 

Currently most high-throughput screening systems that target the endothelium have been 

developed with predetermined molecular targets
32-34

. While suitable for screening specific 

changes in the endothelium, the limitation of these screens is that they do not address the 

interactions that occur between the endothelium and other cells types that are typically involved 

in disease pathogenesis. In this study we attempt to establish a biological high-throughput 

screening platform that would enable us to identify molecular probes that are able to induce 

endothelial cell triggered innate immune responses.  

During the normal inflammatory process, activation of the endothelium occurs when pro-

inflammatory molecules such as interferon gamma (IFN-γ) induce the expression of cell 

adhesion molecules on the endothelial surface and secretion of chemotactic molecules
1-6

. This 

change in endothelial activation state directs leukocytes to home to and traverse the vascular 

wall. This process is vital to the clearance of infections and several cancers; however, in some 

chronic inflammatory diseases such as atherosclerosis, it plays a central role in the pathogenesis 

of the disease
1-6

.  

With the prevalence chronic inflammatory diseases with vascular involvement, such as 

atherosclerosis, chemical screens have predominantly focused on the identification of 

compounds that decrease endothelial cell inflammation
33, 34

. Conversely, very few studies have 

focused on understanding the networks by which stimuli may activate the endothelium. The 

insights gathered from such studies could help establish specific molecular targets in chronic 

inflammatory conditions or directly target and activate the endothelium in situations where a 
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robust immune response is needed. In addition, with the prevalence of drugs with adverse 

cardiovascular complications, the increased understanding of this process will allow drugs to be 

screened for off target vascular effects prior to use in humans
35-38

. In our current work we 

identify a novel class of chemical perturbations that selectively activate the endothelium and 

trigger a human EC-driven innate immune response. 

MATERIAL AND METHODS 

Reagents and Cells Human Umbilical Vein Endothelial Cells (HUVEC) were grown to 

confluency in T-150 flasks (Corning). Peripheral blood mononuclear cells (PBMC) were 

collected and used after informed consent from healthy donors. PBMC were harvested from 

whole blood using Hypaque Ficoll gradients (GE).  IFN- was used at 10 ng/ml. Small molecule 

compound libraries and analogs were synthesized in the Ohyun Kwon laboratory. Compounds 

were dissolved in DMSO and used at a final concentration of 10 M.
32 

Co-culture assays HUVEC were plated in 96 well plates (2.5-5 x10
4
 EC per well).Once the cells 

had adhered the following stimulations were added for a period of 5 hours; IFN-γ (10ng/ml), 

DMSO, or compound library (10 M). After stimulation, HUVEC were washed with RPMI 

(Invitrogen), followed by addition of 7.5-10x10
4
 human PBMC in 10% Fetal calf serum 

(Omega). To perform cytokine analysis, 50 l of supernatant was removed at t=24 hours. Both 

toxicity and endotoxin contamination were ruled out using flow cytometric analysis and 3-(4,5-

dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
32 

Cytometric Bead Arrays (CBA) Cytometric Bead Arrays (CBA) were used to characterize co-

culture supernatants. CBAs were performed on 50L of supernatant that was harvested after 24 
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hours of incubation. Supernatants were tested for the presence of MIP1-L-8 and MIP1-. 

CBA Flex kits were obtained from Becton Dickinson and performed according to manufacturer’s 

recommendations. Samples were acquired using a FacsCalibur flow cytometer and FCS files 

were analyzed using FlowJo software. 
32 

Flow cytometry Stimulated HUVEC were stained with anti-ICAM1 (Becton Dickinson) and 

anti-E-selectin (Becton Dickinson), or appropriate isotype antibodies after 24 hours incubation. 

To determine the cell responsible for chemokine production, intracellular chemokine staining 

was carried out on aforementioned HUVEC cells. After 8 hours of coculture of PBMC and 

HUVEC, Golgi Plug (Becton Dickinson) was added and the cells were allowed to incubate for an 

additional 16 hrs. After the incubation cells stained with anti-CD14(Becton Dickinson)  and anti-

MIP1b(Becton Dickinson)  or appropriate isotype controls. Samples were acquired using a 

FacsCalibur flow cytometer and FCS files were analyzed using FlowJo software.
32 

Microarrays HUVEC were plated at 1 x 10
6
 in 6 well plates in triplicate wells. HUVEC were 

treated with DMSO, compound D10 and compound E2. After incubation (T=5hrs) RNA was 

extracted using Trizol (Invitrogen) and subsequently purified using RNeasy Minelut Cleanup Kit 

(Qiagen). Harvested RNA was taken to the UCLA Microarray Core Center where it was 

processed using the Human Genome Affymetrix U133 Plus 2.0 Array. Resultant microarray data 

was analyzed using dChip software (version 11/18/07) from the Cheng Li Lab at 

http://biosun1.harvard.edu/complab/dchip. Gene probes that were present in at least two of the 

three replicates were used at the following parameters; fold change >1.25, p-value <0.05. 

Unsupervised dendrograms were created using dChip software. Upon generation of regulated 



 

10 
 

gene lists, genes with known function in immune regulation were selected based on published 

databases and gene functions identified by Gene Ontology or OMIM.
32 

Statistical analysis Experimental results were compared using student t-tests; results were 

considered significant if p-value was <0.05. Ingenuity Pathway Analysis software (version 6.0; 

Ingenuity Systems) was used to perform canonical network analysis for all expressed probes in 

D10 and E2 datasets.
32 

RESULTS 

Discovery of novel activators of the endothelium 

Due to the close association of the endothelium and traversing monocytes, activation of 

the endothelium is intricately linked to innate immunity. Endothelial cells activated by various 

pro inflammatory cytokines have been shown to up regulate adhesion molecule expression as 

well as chemokine production
1-6

. For example, IFN-, a broad regulator of the immune response, 

causes the endothelium to induce Mip1- production in monocytes
38-39

. We attempted to screen a 

library of unique small molecules to find potential novel activators of the endothelium, by 

measuring the ability of the compounds to induce Mip1- production in EC-PBMC cocultures. 

Upon screening a library of 642 unique small molecules, we were able to find a structurally 

similar family of small molecules that were potent activators of EC-driven immunity, as 

characterized by their ability to induce Mip1- production in EC-PBMC cocultures (Figure2-1). 

Upon further investigation of these novel activators it was found that direct treatment of 

independent EC or peripheral blood mononuclear cell (PBMC) did not result in significant 

production of MIP1-β. This data demonstrate that the interaction between activated EC and 
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PBMC was required for chemokine induction. To determine the cellular source of the secreted 

Mip1- protein, we performed intracellular flow cytometry of cocultures.  Upon coculture with 

either IFN- or active compound 105A10, the CD14+ monocytes are the dominant producers of 

MIP1-β (Figure 2-2). Therefore, like IFN-γ, this family of compounds was able to mediate EC-

triggered induction of innate immune activation.  

Structure-Activity Relationship 

 In order to further understand the activity of the innate immune activating compound 

family we generated 96 analogs of the most potent compound 105A10.  The purpos, was to 

determine if we could change an active compound in such a way as to alter its ability to activate 

the endothelium and potentially identify an active domain. After screening the analog library, we 

determined that while many of the compounds retained the active capabilities of the parent 

structural family, there were several compounds in this library that lacked the ability to activate 

the endothelial innate immune response. Interestingly we found two analogues with nearly 

identical chemical structure (D10 and E2) that had disparate function in the activation of the EC-

PBMC coculture (Figure 2-3). Due to their structural similarities these compounds could be used 

as tools to further narrow the gene network involved in endothelial activation. Transcriptional 

profiling of both the active D10 and the inactive E2 compound revealed that the two compounds 

induced relatively few genes in common (Figure 2-4). However, analysis of the induced genes by 

ingenuity pathway analysis revealed that 32 canonical pathways were engaged by D10.  Of the 

canonical pathways 10 of the top 20 canonical pathways were associated with inflammation and 

immune responses, including atherosclerosis signaling (p < 0.03), IL8 signaling(p < 0.006), and 

high mobility group box1 signaling (p < 0.004). Conversely, E2 did not activate any networks 
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related to immune regulation or inflammation. Of the genes selectively induced by the active 

compound, E-selectin is an important adhesion molecule that facilitates immune cell attachment 

and rolling at the endothelial surface
1-6

. We were able to confirm this selective regulation at the 

protein level by staining cells activated with D10, E2 or vehicle control (Figure 2-5).  This work 

establishes feasibility of using complex cell systems in high throughput screening and 

demonstrates how analog design in conjunction with transcriptome profiling can provide a 

framework for understanding complex biological processes such as EC-triggered innate 

immunity
32 

DISCUSSION 

With the intimate association of the endothelium and the systemic circulation, the 

endothelium is exposed to countless chemical and mechanical stressors, many of which are 

known to activate the endothelium and lead to local inflammation
1-6

. Inflammation of the 

endothelium is linked to the production of chemokines and the up regulation of adhesion 

molecules. This process facilitates the activation and transmigration of monocytes in the 

systemic circulation
1-6

. Unlike chronic inflammatory states, instances of infection and tissue 

injury this inflammation and recruitment of immune cells is integral to human health
1-6

.  To find 

novel modulators of endothelium directed immunity, we screened a library of 642 small 

molecules for their ability to activate the endothelium to trigger MIP1-β production from 

previously quiescent monocytes. After finding a family of structurally similar compounds with 

the ability to activate the endothelium, we sought to determine active regions of the compounds 

using structure activity relationships with the generation of 96 analogs. These studies revealed 

structural features important for the activation of the endothelium. In addition to discovery of 

key molecular features shared by active compounds, we also found that the active analogs were 
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uniquely able to up regulate many genes known to mediate EC-triggered activation of innate 

immune responses.  

As the molecules important for inflammation, chemokines are important in the 

recruitment of lymphocytes and monocytes to the site of inflammation. The chemokine studied 

in our work, MIP1, are known to play a key role in cancer immunotherapy as well as viral 

protection
39

. The discovery of small molecules with the capacity to activate the innate immune 

response through the endothelium is appealing in clinical situations where enhanced immunity is 

important.  

Moreover this work has implications in the field of drug discovery as a potential method 

for screening new compounds for off target vascular effects. The need for screening of off target 

effects such as vascular inflammation has become a serious and pressing issue as an increasing 

number of drugs have been withdrawn from the market or failed in clinical trials due to 

cardiovascular complications
35-37

. With this assay, compounds committed for use in humans 

could be screened for potential activity at the endothelial innate immune synapse. 
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Figure 2-1. Endothelial activation screen. Results of chemical library screen as measured by 

MIP1β production. IFNγ (10 ng/mL), DMSO and 642 small molecules (10 μM). The library 

contained 37 compounds capable of inducing MIP1β at least to the level of IFNγ (red dashed 

line). *represents five distinct scaffolds with activity, whereas ** represents the two naphtyridine 

families.
32
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Figure 2-2. Determination of cell specific production of MIP1. Activated endothelium 

triggers MIP1β production from CD14+ monocytes. Percent positive MIP1β cells and mean 

fluorescence intensity (MFI) of MIP1β+ cells are shown.
32 
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Figure 2-3. SAR analysis of 96 naphthyridine analogs Data represent percent induction 

relative to IFNγ for each of the 96 analogs analyzed over two experiments.
32 
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Figure 2-4. SAR analysis of 96 naphthyridine analogs Gene expression profiling of 

endothelial cells treated with active and inactive analogs. (Left) Microarray analysis comparing 

gene expression induction in EC treated with active analog (D10, 10 μM) and inactive analog 

(E2, 10 μM). (Right) Subset of genes with known involvement in inflammation: relative 

expression by active and inactive analogs.
32 
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Figure 2-5. E-Selectin protein expression. E-selectin induction by naphthyridinone analogs. 

Percentages for intercellular adhesion molecule (ICAM) and ICAM/E-selectin expressing cells 

are displayed.
32 
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CHAPTER 3 

Identification of jagged-1 as a key regulator of   

M1 macrophage differentiation in leprosy 
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ABSTRACT 

The tissue microenvironment plays a pivotal role in shaping the local innate immune 

response across many human conditions, but the effectors at the site of disease remain poorly 

defined.  Leprosy is an excellent model to explore this problem because polarized forms of the 

disease manifest a stark spatial distribution of CD209+ macrophage (MΦ) subsets that are linked 

to the fate of the host and pathogen.  We recapitulated divergent CD209+ MΦ subsets through 

primary cell co-culture phenotypic screens, identifying perturbations that licensed the endothelial 

microenvironment to skew monocytes towards the CD209+CD163neg MΦ subset that is 

equipped for host defense. Transcriptional profiling of endothelial cells polarized by these 

structurally diverse activators revealed a subset of mutually regulated genes, and integration with 

the gene expression profiles from leprosy lesions led to the discovery that jagged1 (JAG1) 

expression strongly correlates with the spatial distribution of CD209+MΦ subsets at the site of 

disease.  In vitro functional studies revealed that IFN- leads to the expression and then release 

of JAG1 from the EC surface, and that soluble JAG1 promotes the differentiation of 

antimicrobial CD209+CD163neg MΦ in a strictly endothelial cell-dependent manner.  These 

findings begin to unravel complex microenvironmental interactions that can shape innate 

immunity in human leprosy, and suggest that soluble JAG1 may facilitate antimycobacterial 

human innate immune responses. 

 

INTRODUCTION 

Circulating monocytes enter tissue microenvironments, where local cues lead to their 

progression towards distinct macrophage subsets.  The plasticity of the monocyte enables the 

emergence of highly specialized macrophages that preferentially carry out tasks ranging from 
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wound healing to host defense
13-31

.  Unfortunately, in human leprosy, the acquisition of adequate 

antimicrobial properties does not always materialize, leading to a spectrum of immunologic and 

clinical disease states (5).  Self-limited, tuberculoid (T-lep) lesions are characterized by well-

organized granulomas that contain antimicrobial CD209+CD163neg MΦ with relatively poor 

phagocytic capacity.  By contrast, progressive, lepromatous (L-lep) lesions are characterized by 

disorganized “sheets” of poorly antimicrobial CD209+CD163+ MΦ; this subset is instead highly 

phagocytic, harboring multiple bacilli and host-derived lipids, thus forming the cardinal Virchow 

cells linked with dissemination
23-25

. To begin to understand how such divergent macrophage 

subsets emerge, we and other investigators have sought to identify cytokines or transcription 

factors that can recapitulate MΦ with pre-specified phenotypes or functions.  However, it 

remains a challenge to decipher how monocytes transition towards divergent phenotypic and 

functional fates at the site of human disease. Here, we developed a strategy to explore how more 

complex microenvironments promote the differentiation of antimicrobial CD209+CD163neg 

MΦ in the context of human leprosy. 

 

MATERIALS AND METHODS 

Reagents: IFN- and IL-4 (Peprotech) were used at 10 ng/ml. IFN- (PBL Interferon Source) 

was used at 10ng/ml. IL-15 (25ng/ml), IL-10 (10ng/ml) and IL-5 (10ng/ml) were purchased from 

R&D Systems. Small molecule compound libraries and analogs were synthesized in the Ohyun 

Kwon laboratory. Compounds were dissolved in DMSO and used at a final concentration of 

10M. 
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Co-culture experiments: Co-culture experiments were carried out as previously described. 

Human Umbilical Vein Endothelial Cells (HUVEC) were purchased from Lonza, and used from 

passages 4-8. Peripheral blood mononuclear cells were isolated from healthy donors (UCLA 

Institutional Review Board # 92-10-591-31) using Hypaque Ficoll gradients (GE Healthcare). 

CD14+ Mwere isolated using the Miltenyi positive selection kit and carried out according to 

manufacturer’s recommendation.  

Cell surface labeling and CBA: Cells were harvested after 48 hours incubation at 37°Celsius in 

7%CO2.  Surface expression of protein was determined using specific antibodies: CD209 

(Becton Dickinson), CD40 (Becton Dickinson), CD163 (R&D systems), CD14 (Becton 

Dickinson) and IgG controls (Becton Dickinson).  Cytometric Bead Arrays (CBA) were used to 

characterize co-culture supernatants. CBAs were performed on 50L of supernatant that was 

harvested after 24 hours of incubation. Supernatants were tested for the presence of cytokine 

using CBA Flex kits.  CBA Flex kits were obtained from Becton Dickinson and performed 

according to manufacturer’s recommendations. Samples were acquired using a FacsCalibur flow 

cytometer and FCS files were analyzed using FlowJo software. 

Phagocytosis assay: DiI(1, 1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate)-

labeled CuSO4-oxidized low density lipoprotein (DiOx-LDL) from Intracel was added to co-

cultures after incubation for 44 hours and further cultured for 4 hours to allow for uptake (conc. 

1-50g/ml). After incubation cells were harvested and stained for CD209 and CD163 surface 

expression. 



 

23 
 

Transfections: Ectopic expression cassettes for JAG1, GFP and M11-empty vector were 

obtained from Genecopoeia. Plasmid transfections were carried out on HUVEC that were grown 

to 80-90% confluency. HUVEC were harvested and transfected with 1g DNA using the 

AMAXA transfection device and HUVEC Nucleofect kit (Lonza). To determine transfection 

efficiency, control cells were characterized for GFP production. In addition, mRNA was 

harvested and purified, using a RNeasy Minelute cleanup kit (Qiagen), and ultimately quantified 

by qPCR.  siRNA transfections were carried out on 2x10
4
 adhered HUVEC in 96 well format.  

siRNA for gene targets and control were obtained from Dharmacon as was the transfection 

reagent Dharmafect 4. siRNA transfections were performed according to manufacturer’s 

recommendations using 100nM concentration of siRNA. Decrease in message in transfected 

cells was confirmed by qPCR. 

Microarrays: For microarrays performed on compound and cytokine treated HUVEC, ECs were 

seeded in 6 well plates at 1X106 cells/well.  Single wells were stimulated for five hours with 

DMSO, IFN- and compounds 104B11, 104C2, 105A9 and 105A10 at concentrations noted 

earlier. After incubation, mRNA was harvested using Trizol (Invitrogen), followed by RNeasy 

Minelute Cleanup Kit (Qiagen). mRNA samples for all arrays were processed using the 

Affymetrix Human U133 plus 2 platform and analyzed as previously described21 

Real Time PCR: IDT primers were used for determining mRNA expression of target genes. 

Sybr Green PCR Master Mix (BioRad) was used during Real Time PCR reactions and data was 

normalized to h36B4 gene expression (IDT). Expression values were calculated as previously 

described.  
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Database Analysis: Analysis of all gene subcellular locations and determination of significant 

canonical pathways were determined by Gene Ontology (GO) analysis and Ingenuity Pathway 

Analysis (IPA) software. IPA curated canonical pathways were determined significant if p values 

were < .05 after B-H statistical corrections. Candidate genes were further analyzed for known 

interactions using the STRING database as well as the UGET gene correlation resources.    

Statistical Analysis: Statistical significance (<.05) of experimental values was calculated using a 

paired two-tailed Student’s t-test.  Hypergeometric p values were calculated using the online 

resource (http://systems.crump.ucla.edu/~jawong/hypergeometric/hypergeometric.php) (Tom 

Graeber laboratory, UCLA). 

 

RESULTS 

Although predominantly CD209+CD163neg M accumulate in T-lep lesions, we noted 

that CD209+CD163+ M frequently occupy the outer edges of the well-formed granulomas 

(Fig3-1).  This suggested that even within a single granuloma, local microenvironmental factors 

influence the spatial distribution of CD209+ M subsets.  To begin to explore how inter-cellular 

interactions may instruct monocyte differentiation, we cultured primary monocytes with various 

cell types present within human granulomas and found that only endothelial cells led monocytes 

to express CD209 on their cell surface. We therefore developed a strategy to explore how highly 

diverse endothelial microenvironments may instruct monocytes to transition into functionally 

divergent CD209+ M subsets, and how this may relate to leprosy (Fig 3-1).  First, a phenotypic 

screen was used to identify biochemical factors that license endothelial cells to trigger 

CD209+CD163neg M.  Then, we examined the transcriptional profiles of EC treated with 
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these “polarizing” perturbations and identified mutually regulated genes.  These transcriptional 

profiles were integrated with the gene signatures from leprosy lesions to identify candidate 

regulatory genes that may shape the innate immune response at the site of disease. Finally, we 

validated expression patterns at the site of disease and performed functional studies.   

   As a first step to explore how changes in the polarization state of endothelial cells (EC) 

may influence the CD209+ M subsets, EC monolayers were treated with key regulatory 

cytokines for 5 hours and then washed extensively.  Human peripheral blood mononuclear cells 

(PBMC) were then added and monocyte differentiation was tracked by flow cytometry (Fig 3-1).  

Regardless of cytokine pre-treatment, EC triggered a comparable percentage of CD209+ M 

after 2 days of co-culture; however, only IFN--treated EC skewed monocytes to adopt the 

CD209+CD163lowCD40high M phenotype associated with host defense, rather than the 

CD209+CD163highCD40low M phenotype associated with persistence and dissemination of 

the pathogen (Fig. 3-1).  The CD209+ M will be referred to herein as “antimicrobial (am- 

M)” and “homeostatic (h- M)”, respectively, since the latter subset also predominates in 

normal skin.  Monocyte differentiation into CD209+ M was dependent on contact with the 

endothelium and similar results were obtained with purified CD14+ monocytes, indicating the 

process was independent of other leukocytes. Next, we determined if the EC-triggered CD209+ 

M phenotypes were linked with antimicrobial vs. homeostatic functions.  Specifically, am- M 

have been reported to be less phagocytic, but express greater levels of the vitamin D 

antimicrobial pathway
13-31

. In comparison to resting EC, IFN--treated EC promoted M that 

were significantly less phagocytic of oxidized low density lipoprotein (oxLDL) (p <0.01) (Fig 3-

1) but expressed greater levels of the antimycobacterial vitamin D pathway. Therefore, the EC-
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monocyte co-culture phenotypic screening system identified that IFN-, known to play a critical 

role in defense against M. leprae and other mycobacterial pathogens, licenses endothelial cells to 

trigger CD209+ M with an antimicrobial profile.  

IFN- is a potent inflammatory mediator that regulates an extensive gene program in the 

endothelium
38-39

.  Accordingly, determining the key regulatory networks by which IFN- may 

license the endothelium to drive am-M in our model system or in the limited form of leprosy 

posed a significant challenge. To address this problem, we devised a small molecule phenotypic 

screen with the goal to identify molecules that mimicked IFN-, reasoning that such small 

compounds may induce shared regulatory genes in human EC.  From a small molecule library 

generated by diversity-oriented synthesis (n=642), 24 (3.7%) were found to drive EC-mediated 

am M differentiation (Fig 3-2).  Two structurally distinct families, tetrahydro-pyrrolo-triazolo-

pyridazindiones (tptp) and naphthyridines accounted for 13 (54%) of the “hits”, and both were 

known EC activators, as determined by their ability to induce EC-mediated MIP1- from 

primary monocytes
32

.  Subsequent experiments with compounds from each of these families 

confirmed that they promoted EC-mediated am M differentiation, as determined by CD209, 

CD40, and CD163 expression (Fig 3-2).  As with IFN-, this effect was EC-dependent, since the 

compounds failed to directly trigger monocytes to become CD209+ M.  Furthermore, EC 

treated with these small molecules triggered M with phenotype and function that remained 

linked, as CD209+ M with low expression of CD163 were significantly (p >.0001) less 

phagocytic (Fig. 3-2).  Therefore, the small molecule screen identified distinct families of small 

molecules that resembled IFN- in regards to their capacity to promote EC-dependent am- M 

differentiation.  Unlike IFN-, the small molecules did not directly induce STAT1 
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phosphorylation in EC.  In addition, IFN-, which shares structural and functional homology
38-39

 

with IFN-, failed to mediate EC-triggered am M.  This suggested that suggesting non-

canonical pathways may be involved in EC-directed M differentiation.   

To test the hypothesis that diverse perturbations may converge upon a shared set of 

genes, EC were treated with either IFN- or one of four active small molecules (2 

naphthyridines: 105A9, 105A10 and 2 tptp family members: 104B11,104C2). As expected, IFN-

 induced many genes (n=3,675 probes >1.25 fold induction) in EC.  By comparison, the 4 

compounds (104B11, 104C2, 105A9, and 105A10) induced fewer probes than IFN-, but a very 

high proportion (24-28%) overlapped with the IFN- transcriptome (hypergeometric p values for 

enrichment: 1.2 x 10-32 to 2.8 x 10-103).  To enrich for a genes with relevance to the 

distribution of CD209+ M in leprosy, we next identified genes that were: (a) induced by IFN-, 

in EC, (b) induced by both small molecule families in EC, and (c) preferentially enriched in the 

self-limited, T-lep form of leprosy (Fig 3-3).  This approach yielded 50 candidate genes that may 

influence am-MΦ differentiation in the co-culture system as well as within T-lep granuloma.  To 

test this experimentally, we suppressed the 50 candidate genes in EC by siRNA, identifying 6 

genes (10%) whose inhibition blunted the effect of IFN- on EC-driven am-MΦ.  In order to 

further integrate these findings with the site of disease, we compared the expression levels of 

each candidate gene and CD163 in each leprosy lesion, and then calculated the correlation 

coefficient across the spectrum of leprosy.  Among the six genes, JAG1 had a strong inverse 

correlation with CD163 expression across the spectrum of leprosy (r
2
=.69).  As predicted, we 

found JAG1 expressed within the granulomas in T-lep, but not L-lep lesions (Fig 3-3).  

Furthermore, the expression pattern was enriched in the central region of the granuloma, in 
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which CD209+ M lacked CD163.  Therefore, JAG1 expression is strongly correlated with the 

am- M phenotype not only across the spectrum of leprosy, but also within T-lep lesions. 

JAG1 is known to be expressed by endothelial cells
40

, and our experiments with this 

monoclonal antibody in human tonsil confirmed the preferential expression on endothelial cells. 

Therefore, it was surprising to find that in leprosy, JAG1 surrounded endothelial cells but did not 

co-localize with EC markers such as Vwf (Fig 3-3) JAG1 can be released from cell surfaces by a 

metalloproteinase, such as TACE
40-41

.  Therefore, we tested whether IFN- leads to the 

expression and then release of JAG1.  Treatment of EC with IFN- resulted in a peak cell surface 

expression at 8 hours(Fig 3-3).  By contrast, the supernatant fraction demonstrated a time-

dependent increase in the soluble form of JAG1, indicating that activation of EC with IFN- 

leads to the expression and release of JAG1. 

We next determined whether sJAG1 was sufficient to instruct monocytes to transition 

towards the am-CD209 M.  However, as was the case for IFN- and the small molecules, 

sJAG1 did not independently drive monocytes to become CD209 M. However, when added to 

resting EC, sJAG1 was highly effective at skewing monocyte differentiation towards the am-

CD209 M phenotype (Fig 3-4). As with IFN-, sJAG1 promoted the differentiation of CD209 

M with decreased phagocytosis (Fig 3-4), but equipped with heightened levels of the vitamin 

D-dependent antimicrobial pathway (Fig 3-4).  In our experimental system, sJAG1 appears to 

function as an agonist of NOTCH signaling, since sJAG1 induced HES1 and RBJ1 in the 

emergent CD209+ M. Therefore, when in the context of accessory endothelial cells, sJAG1 is 
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sufficient to drive the polarization of emergent CD209+ M towards an antimicrobial phenotype 

that is present in the limited form of human leprosy. 

DISCUSSION 

Monocytes continuously exit the circulation during health and disease, encountering 

distinct microenvironments that influence M heterogeneity
1-6

.  Using a reductionist strategy, 

individual cytokines or transcription factors that can influence macrophage polarization have 

been defined, but their direct relevance to disease remains elusive
41-45

. The emergence of systems 

biology has challenged this simplified approach, predicting that increasingly complex biological 

and computational models are necessary to adequately model biological interactions between 

cells in health and disease.  Here, we used a systematic approach to identify factors that may 

shape the spatial distribution of CD209+ M subsets within human leprosy lesions.  Building on 

the simple observation that resting EC drive the emergence of M with the homeostatic 

phenotype present in normal skin, as well as in disseminated leprosy lesions, we predicted the 

endothelium, depending on its polarization state, would skew monocytes to differentiate into 

divergent M subsets.  Due to the potential for exponential increase in complexity when 

heterogeneous co-culture systems are employed, we turned to an unbiased, systems approach that 

we felt would lead us to key regulatory nodes that would dictate the divergence of CD209+ M 

subsets.  Here, we report that sJAG1 is a key determinant of CD209+ M polarization, 

functioning downstream of IFN and diverse endothelial cell activators to re-direct endothelium-

driven CD209+ M subsets away from a homeostatic and towards an antimicrobial program. 

Leprosy is caused by Mycobacterium leprae, an obligate intracellular microbe.  Despite 

the pathogen’s limited genetic diversity, it leads to varied clinical presentations that correspond 
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to innate and adaptive immune responses at the site of disease.  On one end of the spectrum, 

patients present with self-limited, tuberculoid (T-lep) lesions characterized by few bacilli, Th1 

cell-mediated immunity, CD1+ dendritic cells, and predominantly CD209+CD163neg MΦ 

which together comprise well-organized granulomas that restrict the pathogen’s growth. On the 

opposite end of the spectrum, disseminated lepromatous (L-lep) lesions are characterized by Th2 

cytokines, few CD1+DC, and lipid-laden “foamy” CD209+CD63+ M in which the pathogen 

preferentially resides.  These cells comprise poorly formed granulomas appearing as “sheets” of 

immune cells
23-25

.  Beyond leprosy, other diseases can be classified by CD163 expression.  In 

human atherosclerosis, diabetic plaques- which are the most vulnerable for rupture- are 

composed of M with little CD163 expression, whereas M within non-diabetic plaques 

express much greater levels of CD163
13-31

.  Here, we developed a strategy to explore cellular and 

molecular mechanisms by which local microenvironments in leprosy equip the innate immune 

compartment for microbial defense by promoting the differentiation of antimicrobial 

CD209+CD163neg M  at the site of disease.   
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Figure 3-1. The endothelial microenvironment governs CD209+ macrophage 

differentiation.  (A) Confocal imaging of CD209 and CD163 within a T-Lep lesion 

(B) Hypothesis: the polarization state of the endothelium will trigger monocytes to differentiate 
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into either homeostatic or inflammatory CD209+ M (C,D) Panel of regulatory cytokines tested 

for their capacity to mediate EC-driven am- M differentiation; results represent mean +/- SEM 

from three independent experiments performed in triplicate wells, and representative dot plot, ** 

p value < 0.01. (E) Compiled data comparing M triggered by quiescent vs. IFN- treated EC, 

(n=22 independent experiments, * p value < 0.05, ** p value < 0.01, *** p value < 0.001). 

(F,G,H,I) Functional characterization of M as determined by phagocytosis of Dil-oxLDL and 

vitamin D pathway regulation. Data represent the mean +/- SEM from at least three independent 

experiments performed in triplicate wells (* p value < 0.05, ** p value < 0.01, *** p value < 

0.001). 
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Figure 3-2. A flow-cytometry screen for small molecules that promote endothelial driven 

am-M.(A) Endothelial cells (96 well format) were treated with a small molecule library 

(n=642, 10 M); compounds were removed and human monocytes were allowed to differentiate 

into CD209+ M and polarizing compounds were selected by their capacity to drive am- M as 

defined by M that fell into the CD209+CD163
low

 gate). Two structural families (tptp and 

naphthyridine) accounted for 54% of the hits, as defined by > 3 s.d. from the mean (dashed line). 

(B)  Phenotypic validation of active tptp and naphthyridines; data represent mean and SEM of 

three donors * p value < 0.05, ** p value < 0.01.  (C,D)  Phagocytosis of Dil-oxLDL by am- M 

differentiated in culture with compound-treated endothelium, and correlation between CD163 

expression and DiI-oxLDL uptake.  
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Figure 3-3. Comparative transcriptome analysis reveals JAG1 as a potential mediator of 

M divergence in leprosy.(A) Comparative analysis of the induced probes (FC >1.25) resulted 

in an overlap of 50 genes between T-Lep and activated EC profiles. (B) Transfection of IFN- 

treated HUVEC with siRNA from candidate gene list  and expression correlation of candidate 

gene and CD163 expression in total leprosy dataset. Data represented as percent change CD163 
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MFI and R
2
 values. (C) Correlation of CD163 and JAG1 expression in 7 T-lep and 5 L-lep 

patient tissue. (D) Immunohistological staining of JAG1 protein in lesions from one T-Lep and 

one L-Lep patient. (E) Confocal images reveals inverse local JAG1 and CD163 protein levels 

within the granuloma and JAG1 association with blood vessels in the lesion.  

 

 

 

Figure 3-4. Soluble JAG1 in the context of the endothelial microenvironment is a potent 

inducer of M1 M differentiation.(A) Treatment of HUVEC with IFN- is sufficient to induce 

expression of JAG1 at the endothelial surface. t=8hrs. (B) Addition of soluble JAG1 protein to 

EC-PBMC co-culture resulted in M1 M polarization. (representative donor) (C) Compiled data 

of soluble JAG1 and control protein addition (n=4). (D) oxLDL uptake in soluble JAG1 treated 

co-cultures (n=4) (E,F,G) Treatment with soluble JAG1 resulted in M with heighted anti-

microbial capabilities as defined by an upregualted vitamin D pathway. (n=3) 
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CHAPTER 4 

Summary 
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 Initially understood as a key component in immune cell trafficking at the vascular 

wall to the site of inflammation, the role of the endothelium in immune cell fate determination 

has now began to be understood.
7-11

  This work has further established the importance of the 

endothelium as an important mediator of the immune cell differentiation and education. In an 

attempt to further understand the involvement of the endothelium we have developed a simple 

yet cellular complex screening method, which helped us to identify novel small molecule 

activators of the endothelial immune synapse as well protein mediators of inflammation in 

Leprosy.  

 

Endothelial activation screen 

 Traditionally, most approaches to studying endothelial inflammation have looked 

at specific markers such as adhesion molecules or secreted protein levels. While these markers 

are typically sufficient to classify the endothelial cells as inflamed they do not address the state 

of endothelial microenvironment
7-11

. In order to address this complex cellular interaction we 

searched for chemical perturbations that would promote endothelial mediated innate immune 

activation. Using secreted levels of MIP1 chemokine as a marker for endothelial mediated innate 

immune inflammation, we screened a small molecule library consisting of 642 compounds for 

activity. After finding several active compound families, we generated chemical analogs in the 

hope of finding structures essential for activation of the endothelium. Within a group of 96 

structural analogs, we found several that retained the activity of the parent scaffold, while a small 

subset had lost the ability to activate the endothelium. Using this approach we were able to 

identify compounds with the ability to selectively activate the innate immune response through 

the endothelium. This approach enables us to screen compounds for off target effects that would 



 

38 
 

not be detected by traditional screening methods as well as further dissect the endothelial innate 

immune synapse
32

.  

 

Expression of JAG1 drives differentiation of M1 M in Leprosy  

 Using Leprosy as a disease model and building off our previous observations, we looked 

at the influence of the endothelial microenvironment on macrophage differentiation.  Initial 

observations from endothelial-PBMC cocultures revealed when PBMCs were cultured with 

quiescent endothelium the resultant M population’s resembled M2 macrophages with high 

levels of scavenger receptors and low levels of inflammatory markers such as CD40, resembling 

M seen in the Lepromatous lesions (L-Lep)
23-25

.  In an attempt to build on our previous work, 

we examined the effect of activated endothelium on M differentiation. In concordance with the 

functional data seen in our previous work, the resultant Ms from IFN and active compound 

treated endothelium have both the functional and phenotypic profile of M1 like macrophages 

seen in the Tuberculoid lesions (T-Lep)
23-25

. Using gene expression profile data, we were able to 

narrow down a list of potential mediators of the M subset divergence. Taking the list of 

candidate genes from gene expression profiles from activated endothelium and T-Lep lesions, we 

silenced the list of potential genes and looked at the effect on M differentiation.   These data 

revealed that the NOTCH ligand JAG1 can effectively polarize M1 Min the context of the EC-

PBMC coculture.  It was further confirmed that JAG1 is upregualted in the T-LEP lesion and 

primarily expressed in the inflamed regions of the tissue such as the granuloma. Ultimately this 

work establishes the idea that the endothelium is integral in the formation of the innate immune 

response in disease and can have significant effects on human health and disease progression. 
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