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Abstract 

The human body is exposed to a wide variety of stressors, both intrinsic 

and extrinsic, that can disrupt homeostasis.   Unique subsets of cells have 

evolved to manage and mitigate these stresses. Here, I detail my findings 

regarding the molecular pathways that modulate the functions of two ‘regulatory’ 

cell-types: specialized phagocytes and peripheral T regulatory cells.  

The first half of this dissertation looks at specialized phagocytes, which 

respond to the intrinsic stresses of cell death by clearing apoptotic corpses from 

tissues in a phosphatidylserine (PtdSer) dependent manner. Here, I demonstrate 

that PtdSer receptors have distinct functions, dependent on the tissue context. 

Specifically, I show that overexpression of one PtdSer receptor BAI1, in mice 

lacking a different PtdSer receptor, MerTK, rescues phagocytic defects in Sertoli 

cells but not in the retinal pigmented epithelium (RPE). I further demonstrate that 

MerTK is uniquely critical for RPE function as it regulates phagocytosis-

independent processes including the visual cycle and transcription of genes 

related to metabolism and retinal disease.  

In the second half of this dissertation, I present my findings on peripheral 

T regulatory cells, which suppress inflammatory responses to innocuous foreign 

antigens. Our data reveal that the phosphatase PP2A dephosphorylates the 

critical Treg transcription factor FoxO1. However, pharmacological inhibition of 

PP2A does not impair Treg function ex vivo, indicating that these ex vivo assays 

do not recapitulate in vivo assays of Treg function. 
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Chapter I 

Introduction 

1.1 Overview of apoptotic cell clearance 

Everyday, billions of cells in our body undergo the programmed cell death 

process known as apoptosis. The process of apoptotic cell death is crucial for 

normal tissue development as well as homeostasis within developed tissues. In 

fully developed tissues, aged and damaged members of the cellular community 

undergo apoptotic cell death [1]. Subsequently, these dying cells are cleared by 

phagocytes, and the engulfing phagocytes then actively limit or dampen local 

tissue inflammation [2-5].  

During apoptosis, dying cells expose ‘eat-me’ signals so that phagocytes 

can recognize and distinguish them from healthy counterparts. The most classic 

and well-studied ‘eat-me’ signal is phosphatidylserine (PtdSer). Normally, PtdSer 

is sequestered on the inner leaflet of the plasma membrane, and during 

apoptosis PtdSer is exposed on the outer leaflet of the plasma membrane, where 

it can interact with PtdSer receptors on phagocytes [6-8]. Ligation of PtdSer 

receptors on phagocytes triggers phagocytic cup formation, which then facilitates 

the engulfment of the dying cell.  

1.1.1 Consequences of apoptotic cell death 

Apoptotic cell death is often referred to as “immunologically silent” 

however the term ‘silent’ is a slight misnomer. While it is correct that apoptotic 
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cell removal does not elicit a pro-inflammatory response, apoptotic cell 

clearance also elicits potent anti-inflammatory signaling in phagocytes that 

recognize and clear apoptotic cells [4,5,9-11]. This signaling ultimately leads to 

anti-inflammatory cytokine production and secretion [4,5,12,13].  This anti-

inflammatory signaling is very important for preventing a potentially devastating 

inflammatory cascade, as apoptotic cells are a repository of auto-antigens.  Thus, 

the anti-inflammatory response to apoptotic cells helps to prevent autoimmune 

processes [14,15]. 

Failure to clear an apoptotic corpse results in secondary necrosis of the 

apoptotic cell [16,17]. Such secondarily necrotic cells, unlike apoptotic cells, often 

drive inflammatory responses by releasing damage associated molecular 

patterns while simultaneously releasing auto-antigens [18-20]. In fact, failure to 

clear apoptotic cells has been linked to the development of autoimmune 

diseases, including systemic lupus erythematosus [21-23]. To prevent the 

development of autoimmunity due to the accumulation of secondarily necrotic 

cells, apoptotic cells are efficiently cleared from tissues. In fact, apoptotic cells 

facilitate their own clearance by recruiting phagocytes and stimulating 

phagocytosis [24]. 

1.1.2 Apoptotic cells coordinate their own removal 

Apoptotic cell death can be triggered by extrinsic, receptor-mediated 

stimuli (e.g. TNFα, FasL) or intracellular changes that lead to a loss of 

mitochondrial membrane potential [25,26]. Both the intrinsic and extrinsic 
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pathways of apoptosis converge by activating (by cleaving) the protease, 

caspase 3 [25,27-29]. Caspase 3 is the main executioner caspase in apoptosis 

and its cleavage is frequently used as a marker of cell death [30]. Cleavage of 

caspase 3 triggers the classic features of apoptosis: DNA degradation, chromatin 

condensation, phosphatidylserine exposure and apoptotic body formation 

[28,31]. While undergoing this process, the apoptotic cell simultaneously 

orchestrates its own removal.  

First, the apoptotic cell releases ‘find-me’ signals to recruit near-by 

phagocytes. Some of the best-characterized find-me signals are nucleotides. 

Nucleotide release during apoptosis occurs via the pannexin 1 channel [32]. The 

pannexin 1 channel is opened when the C-terminal tail is cleaved by active 

caspase 3 [32,33]. Nucleotides released from the apoptotic cell function as a 

chemoattractant and elicit phagocyte migration by activating the P2Y2 receptor 

[34].  

In addition to recruiting phagocytes, apoptotic cells also reveal themselves 

to phagocytes by exposing ‘eat-me’ signals on their surface. The most classic 

and well-studied ‘eat-me’ signal is the phospholipid phosphatidylserine (PtdSer). 

Normally, PtdSer is asymmetrically distributed on the plasma membrane and 

sequestered on the inner leaflet [35]. During apoptosis, caspase 3 cleaves and 

inactivates phospholipid flippases and simultaneously activates the scramblase 

Xkr8, which re-distributes PtdSer on the outer leaflet [36-38]. Phagocytes 

express multiple receptors that recognize PtdSer. Ligation of these receptors 
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subsequently elicits cytoskeletal rearrangement within the phagocyte and 

phagocytic removal of the apoptotic corpse. 

1.1.3 Phosphatidylserine receptors  

Phagocytes express a multitude of PtdSer receptors that recognize 

apoptotic cells and initiate phagocytosis. Interestingly, these PtdSer receptors do 

not fall in to a single family of proteins and do not share a common structure 

(Figure 1.1). Rather, PtdSer receptors come in a variety of different molecular 

formats, with the only commonality being their ability to recognize PtdSer. Many 

different PtdSer receptors have been identified such as the αvβ5 and αvβ3 

integrins, the TAM family of receptor tyrosine kinases, the FEEL scavenger 

receptor family, the BAI family of GPCRs, and the TIM family [24,39-46] (Figure 

1.1). Not all of these receptors are capable of binding to PtdSer directly. αvβ5 and 

αvβ3 integrins bind via the bridging molecule MFG-E8 [47-50]. And the TAM 

receptors bind via the bridging molecules Gas6, Protein S [51,52]. Importantly, 

regardless of whether these receptors recognize PtdSer directly or via soluble 

bridging proteins, all have been shown to promote apoptotic cell clearance. 

Some PtdSer receptors, such as TIM4, are considered tethering 

receptors, as they are not capable of independent, downstream signaling [53]. 

However the majority of the identified PtdSer receptors are capable of signaling. 

When these receptors bind to PtdSer they initiate an evolutionarily conserved 

signaling cascade that converges on the small GTPase Rac1 [54-58]. 

Interestingly, several PtdSer receptors have signaling pathways that overlap 
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upstream of Rac1.  Specifically, the bipartite Rho-GEF Dock180 and 

ELMO have been definitively linked to signaling downstream of BAI1 and the 

integrin αvβ5 [42-44,59].  

  



   

 

6 

Figure 1.1: Distinct Structural features of 

phosphatidylserine receptors 

Stabilin-2, TIM-4, and BAI1 bind PtdSer directly while MerTK recognizes 

phosphatidylserine indirectly. Their general structural domains and motifs are 

indicated. Stabilin-2 belongs to the scavenger receptor FEEL family, which also 

includes Stabilin-1 (FEEL1) that can also bind PtdSer. BAI1 represents the BAI 

family of 7-transmembrane PtdSer receptors that belong to the adhesion family 

of G-protein coupled receptors. MerTK is representative of the TAM family of 

PtdSer receptors, which utilize bridging molecules (Gas6 or Protein S) to bind 

PtdSer. TIM-4 is representative of the TIM family of proteins. TIM-1 and TIM-3 

are also capable of binding PtdSer. 
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1.1.4 Signaling via the bipartite Rho-GEF ELMO and Dock180 

Rac1 is a small GTPase that belongs to the Rho family of GTPases. The 

rate-limiting step in activation of Rho GTPases is the exchange of GDP for GTP, 

which requires their progression through the nucleotide-free transition state. This 

activation step is regulated by proteins that control the nucleotide binding state of 

the GTPases: Rho guanine nucleotide dissociation inhibitors (GDIs), Rho GTP 

hydrolysis-activating proteins (GAPs), and guanine nucleotide exchange factors 

(GEFs) [60]. GEFs stabilize the Rho GTPases in the nucleotide-free state and 

thus are essential for controlling the rate of GTPase activity [61]. Prior to the 

discovery of the bipartite ELMO/Dock180 GEF, all GEFs for the Rho family of 

GTPases were thought to posses a DBL homology domain (DH) and a closely 

positioned pleckstrin-homology (PH) domain (often referred to as the DH-PH 

cassette) [61-64].  

Though Dock180 was a known binding partner of Rac1 that promoted 

membrane ruffling, it did not possess the classic DH or PH domains [65]. In 

addition, Dock180 alone did not have RacGEF activity in vitro [66,67]. However, 

overexpression of Dock180 increased nucleotide exchange on Rac1 within cells, 

which suggested that there may be other missing players [65]. The mechanism of 

Dock180 function in Rac nucleotide exchange was revealed when ELMO1, an 

additional member of this engulfment pathway, was identified.  

Mammalian ELMO1 was found to bind to Dock180 [66]. Though the 

ELMO/Dock180 complex could promote Rac activity in vivo, neither ELMO nor 
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Dock180 possessed the classic DH-PH domains found on other 

Rho-family GEFs. A series of deletion mutant studies of Dock180 suggested that 

truncation at residue 1472 on Dock180 abolished the increase in Rac activation 

observed when Dock180 is overexpressed [67]. This deleted region was found to 

be part of a larger domain, which was initially termed as ‘Docker’ (a Dock 

homology region involved in exchange on Rac) [67,68]. A series of studies 

revealed that ELMO1 and Dock180 form a bipartite GEF for Rac, as the 

expression of both proteins and their association was essential for in vivo GEF 

function[67,69].  

Dock180 and ELMO function downstream of BAI1, αvβ3 integrin and it has 

been suggested that they are downstream of the TAM family of PtdSer receptors 

[42,70-72]. As BAI1 and the TAM receptor MerTK are discussed at length in this 

manuscript, the current knowledge regarding their signaling has been further 

detailed below (Figure 1.2): 
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Figure 1.2: Multiple engulfment pathways utilize similar 

signaling components and influence each other  

(a) BAI1 engulfment pathway promotes ABCA1 transcription for cholesterol efflux 

at the cell membrane.  

(b) Integrin mediated engulfment similarly relies on Dock180 and ELMO to elicit 

Rac1 activation. It is unclear whether this pathway also elicits ABCA1 

transcription.  

(c) MerTK is phosphorylated and recruits FAK. FAK can interact with p130CAS to 

elicit Rac1 activation via CrkII, Dock180 and ELMO.  
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1.1.5 BAI1 signaling 

BAI1 belongs to the type II adhesion GPCR family (recently classified as 

ADGRB1) [73]. BAI1 has a large extracellular region, and a seven 

transmembrane domain, followed by a long intracellular tail ([74]). BAI1 interacts 

with PtdSer via 5, type-1 thrombospondin repeats in its extracellular domain [42]. 

Similarly, red blood cells exposing PtdSer can bind to thrombospondin in the 

endothelial matrix [75] [76]. Upon binding to PtdSer, the cytoplasmic tail of BAI1 

interacts with ELMO, which subsequently recruits Dock180 [42,67,69]. ELMO1 

and Dock180 drive nucleotide exchange on Rac, which then causes F-actin 

rearrangement [60] and phagocytic cup formation (Figure 1.2a). 

1.1.6 MerTK signaling 

The receptor tyrosine kinase MerTK binds to phosphatidylserine via 

bridging molecules that include Gas6, Protein S, and potentially Tubby and 

Tubby-like protein 1 [51,52,71,77]. Bridging elicits dimerization of MerTK and 

subsequent phosphorylation of the tyrosine kinase domain. While the signaling 

pathway from this point further is not fully resolved, it is known that activation of 

MerTK drives a series of phosphorylation reactions. Bridging of MerTK to PtdSer 

stimulates auto-phosphorylation of the tyrosine kinase domain in trans [78]. This 

subsequently is thought to drive the phosphorylation of phospholipase Cγ 2 

(PLCγ2) [78,79]. PLCγ2 can recruit p130CAS to the intracellular tail of β5 integrin, 

which can activate the CrkII-ELMO-Dock180 module [71]. CrkII is not a 

necessary component of Dock180/ ELMO signaling but it was originally identified 
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as a promoter of engulfment within the Dock180, ELMO and Rac1 

pathway [54,80]. CrkII is an adapter protein, and while CrkII is not essential for 

Rac1 activation, overexpression of CrkII boosts Rac activity [54,59,65,81]. 

Interestingly, co-expression of CrkII, Dock180 and ELMO further enhances Rac 

activation and increases the number of corpses that are engulfed [55,65,66,82-

85]. Since BAI1 can activate Dock180 and ELMO directly, it is likely that 

overexpression of CrkII boosts engulfment by linking other PtdSer receptors 

(such as integrins and possibly MerTK) to the ELMO/Dock180/Rac pathway 

(Figure 1.2b, 1.2c). 

Despite the signaling overlap between many PtdSer receptors, 

phagocytes express a variety of PtdSer receptors on their surface [71,86-90]. 

Importantly, this is not only true of professional phagocytes such as 

macrophages and dendritic cells, but also of the ‘non-professional’ stromal 

phagocytes such as colonic and bronchial epithelial cells [86,91] and ‘specialized’ 

phagocytes such as Sertoli cells and the retinal pigmented epithelium [52,92,93]. 
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1.2 Specialized phagocytes support sensitive tissues 

Specialized phagocytes are epithelial-derived, mitotically-quiescent cells, 

that carry out routine phagocytic events for the entire life of an organism [94-97]. 

Currently, two examples of specialized phagocytes are the retinal pigmented 

epithelium (RPE) of the eye and the Sertoli cells of the testes [94]. Like non-

professional stromal phagocytes, specialized phagocytes perform a multitude of 

supportive functions within a tissue. There are however two key differences that 

place ‘specialized’ phagocytes in a league of their own. First, non-professional 

phagocytes undergo regular apoptosis and renewal [98,99]. However, 

specialized phagocytes are mitotically quiescent and therefore must retain their 

phagocytic activity and resist the physiological stresses associated with 

phagocytosis for the entire life of an organism [100-102]. Second, non-

professional phagocytes are rarely thought to engulf apoptotic cells under 

homeostatic conditions [86,103] while specialized phagocytes routinely 

phagocytose dead cells and debris [104,105].  

The Sertoli cells of the testes and RPE of the retina are highly 

differentiated and specialized cells, particularly suited to support their respective 

tissues. Interestingly, despite supporting tissues that are disparate in function, 

Sertoli cells and RPE share several key features, including: epithelial derivation, 

formation of a blood-tissue barrier, maintenance of immunological privilege, 

nutrient transport, vitamin A metabolism, cholesterol transport, and fluid transport 
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(Figure 1.3). A further review of Sertoli cell and RPE functions are 

detailed below. 
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Figure 1.3: Schematic of specialized phagocyte function 

Specialized phagocytes have a multitude of functions within their respective 

tissues including immune regulation via promoting Treg differentiation, vitamin A 

metabolism and storage, cholesterol transport, and glucose / nutrient transport.  

  



   

 

17 

 
 

  

photoreceptor 
outer segments 

Sertoli Cells 

mature sperm 

Immunomodulation 

11-cis-retinal 

cholesterol 

vitamin A 
metabolism 

vitamin A 
metabolism 

retinyl esters 

retinyl  
esters 

vitamin A 

vitamin A 

ABCA1 glucose 

lactate 

cholesterol 
transport 

cholesterol 
transport 

cholesterol 

glucose 
transport 

glucose 
transport 

Immunomodulation 

TGFβ 
Galectin 3 

TGFβ 
CTLA2α 

retinoic acid 

Treg  

Treg  

RPE Cells 

GLUT1/3 

vitamin A 

glucose ABCA1 

GLUT1 

developing 
sperm 

Figure 1.3 

glycolysis 

melanin 



   

 

18 

1.2.1 Non-phagocytic functions of Sertoli cells:  

Sertoli cells are a single layer of epithelial-derived cells that line the 

interior of the seminiferous tubules in the testes [95,106]. The Sertoli cells arise 

from the coelomic epithelium early in testicular development and are critical for 

early-sex determination [95]. The seminiferous tubules of the testes house the 

developing germ cells and the Sertoli cells support the developing sperm in a 

number of ways.  

First, Sertoli cells are the primary mediators of testicular immune privilege. 

The seminiferous tubules are immunologically privileged to protect autoantigenic 

sperm from recognition by the immune system [107]. Break down of testicular 

immune privilege leads to autoimmune orchitis, a major cause of male infertility 

[108,109]. Sertoli cells provide an effective physical barrier known as the blood-

testis-barrier (BTB) [110]. The Sertoli cells are tightly-joined by gap junctions, 

adherens junctions and zona-occludens junctions, making this barrier largely 

impermeable not only to invading cells but also to most large molecules 

[111,112]. However, some sperm autoantigens have recently been shown to 

egress from the seminiferous tubules and promote tolerogenic immune 

responses once they reach the periphery [113].  

Sertoli cells are also immunomodulatory and promote immune privilege by 

actively suppressing immune responses. Sertoli cells produce TGFβ and 

JAGGED1, which induce the differentiation of regulatory T (Treg) cells [114,115]. 

Furthermore, in the setting of inflammation, Sertoli cells can function as 
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regulatory antigen presenting cells [116]. In fact, the 

immunosuppressive properties of Sertoli cells are so potent, that co-transplant of 

purified Sertoli cells and pancreatic β cells prevents graft rejection [117,118].  

Due to their physical barrier function, Sertoli cells need to mediate 

extensive paracellular and transcellular transport in order to provide the 

developing sperm with necessary nutrients.  One major nutrient provided by the 

Sertoli cells is iron. Sertoli cells produce transferrin, which facilitates transport of 

iron across the BTB [119]. Decreased transferrin production by the Sertoli cells 

leads to impaired spermatogenesis, indicating that iron is crucial for the 

developing germ cells [120]. Sertoli cells also provide developing sperm with 

vitamin A, which initiates meiosis [121,122]. Sertoli cells absorb vitamin A from 

the serum and store it in the form of retinyl esters for later use during 

spermatogenesis [121,123].  Yet another crucial metabolite provided by Sertoli 

cells is lactate [124,125]. Developing germ cells are dependent on lactate and 

Sertoli cells provide lactate to the germ cells by absorbing and metabolizing 

glucose [124,126-128]. Lastly, Sertoli cells produce seminiferous fluid, which 

bathes the germ cells as they undergo spermatogenesis [129]. 

In addition to secreting nutrients and fluid in to the lumen of the 

seminiferous tubules, Sertoli cells also absorb factors from the seminiferous 

tubules for excretion in to the blood stream. Interestingly, one critical compound 

that is exported by the Sertoli cells is cholesterol, and Sertoli cell cholesterol 

transport is mediated by ABCA1 [130]. The importance of ABCA1 is of particular 



   

 

20 

interest as phagocytosis positively regulates ABCA1 expression. 

Furthermore, the PtdSer receptors MerTK and BAI1 have both been linked to 

ABCA1 upregulation [131,132] and both of these receptors promote Sertoli cell 

phagocytosis [52,86]. Loss of ABCA1 decreases spermatogenesis and reduces 

testosterone levels in mice, suggesting that reverse cholesterol transport from 

Sertoli cells, or other function(s) of ABCA1, are important for spermatogenesis 

[130].  

1.2.2 Phagocytic function of Sertoli cells  

Sertoli cells perform two major phagocytic functions. First, Sertoli cells 

phagocytose the developing germ cells that undergo apoptosis. Second, in the 

final phase of spermatogenesis, the residual body of the sperm, which consists of 

excess cytoplasm, is phagocytosed by the Sertoli cell [133-135]. These 

phagocytic events are dependent upon PtdSer recognition and multiple PtdSer 

receptors contribute to Sertoli cell phagocytosis including Tyro3, Axl, MerTK 

(TAMs) and BAI1 [52,86,93,136].  

Impaired Sertoli cell phagocytosis can lead to accumulation of apoptotic 

germ cells in the seminiferous tubules and potentially, loss of fertility [52,93]. 

These findings have been established by genetic experiments that deleted 

PtdSer receptors and by blocking PtdSer in vivo [52,86,93,136,137]. Importantly, 

loss of MerTK alone is sufficient to cause apoptotic germ cell accumulation, 

however Mertk–/– mice do not exhibit infertility [52]. Loss of all three TAM 

receptors leads to profound apoptotic corpse accumulation in the seminiferous 
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tubules and male infertility [93]. Interestingly, loss of all three TAM 

receptors also leads to anti-sperm antibody production and breakdown of the 

BTB [93,109].  The role of BAI1 and its downstream signaling partner, ELMO, 

were demonstrated using BAI1 and ELMO1 knockout mice. Similar to Mertk–/– 

mice, Elmo1–/– mice exhibit corpse accumulation at baseline. However, Bai1–/– 

mice only exhibit increased corpse accumulation following testicular torsion 

[86,136].  

1.2.3 Non-phagocytic functions of the retinal pigmented epithelium 

The RPE are a single layer of pigmented epithelium that lies between the 

neural retina and the choroid (Figure 1.4a, 1.4b). Like the neuronal cells of the 

retina, the RPE are derived from the neuroectoderm and are therefore 

considered a true component of the retina [138]. The eye is an immunologically 

privileged site and the RPE contribute to this immunological privilege. As the 

outer blood-retinal barrier (BRB), the RPE function as a physical barrier to 

immune-cell infiltration [139]. The RPE are tightly associated by zona-occludens, 

adherens, and gap junctions, which prevent infiltration of immune cells and large 

molecules [140-142].  

The RPE also possess immunoregulatory properties that limit 

inflammation within the retinal microenvironment. The immunosuppressive 

properties of the RPE have been extensively characterized in vitro and a few in 

vivo studies have been conducted which support these data. First, supernatants 

from cultured RPE cells suppress T effector (Teff) activation in vitro [143]. 
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Second, RPE cell supernatants can also induce Treg cell differentiation 

in vitro [144]. The RPE capacity to influence Treg differentiation has been 

attributed to RPE production of TGFβ, retinoic acid and CTLA2α [144-147]. 

Furthermore, Treg cells differentiated by RPE supernatants can inhibit 

inflammation in experimental autoimmune uveitis [145]. The importance of 

immune privilege in the eye is profoundly demonstrated by mouse models of 

experimental autoimmune uveitis and in human patients with autoimmune uveitis. 

In these individuals (and mice), autoimmune-mediated inflammation in the retina 

can lead to severe vision loss [148].   

The barrier function of the RPE necessitates extensive paracellular and 

transcellular transport of fluid, ions, and nutrients, which support the sensitive 

cells of the neural retina. First, fluid (in the form of the aqueous humor) is 

continuously produced by the ciliary body [149]. Therefore, fluid export from the 

eye is essential to preventing a pathological increase in intraocular pressure 

[150]. Fluid removal is mediated by aquaporins on the RPE [151,152]. This 

continuous fluid transport is driven by simultaneous ion transport [153,154].  

In addition to transporting fluid and ions, the RPE must also provide 

necessary metabolites to the neural retina and particularly the photoreceptors. 

The photoreceptors of the retina rely largely on aerobic glycolysis and have large 

metabolic demands; thus these cells require large amounts of glucose in order to 

maintain their functionality [155]. The RPE express high levels of the glucose 

transporters, GLUT1 and GLUT3 on both their apical and basolateral membranes 
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[156-158]. These glucose transporters ensure high levels of glucose are 

delivered to the photoreceptors. As a consequence of their rapid glycolytic 

metabolism, the photoreceptors also produce high levels of lactate. While 

photoreceptors are capable of further metabolizing lactate in to amino acids, the 

RPE efflux some of the lactate from the retina [127,159,160].  

Another metabolite that requires delicate balance in the retina is 

cholesterol. The photoreceptors possess unique membrane-bound rhodopsin-

containing organelles that initiate phototransduction. The photoreceptors 

generate new rhodopsin-discs daily and cholesterol constitutes 10% of the total 

lipid content of these discs [161]. While the retina is capable of de novo 

cholesterol synthesis, the RPE also transports considerable amounts of 

cholesterol from low-density lipoproteins in the blood stream to the 

photoreceptors [162,163]. However, too much cholesterol accumulation in the 

retina will lead to dysfunction, thus the RPE simultaneously efflux cholesterol in 

order to prevent a toxic accumulation [161]. The significant cholesterol transport 

across the BRB is unique within the central nervous system. The blood-brain-

barrier does not mediate cholesterol transport and thus the high cholesterol 

demand in the brain is satisfied purely by de novo synthesis [161]. 

In addition to its role in barrier function and nutrient transport, the RPE is 

also essential for phototransduction. While the RPE is not directly involved in 

phototransduction, it plays a key role in the visual cycle by re-generating the 

chromophore 11-cis retinal [164,165] (Figure 1.5). Phototransduction occurs 
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when light excites opsin-bound 11-cis retinal and converts it to all-trans 

retinal [166]. The opsins are a family of GPCRs that are activated upon 11-cis 

retinal conversion [166]. Following its conversion, all-trans retinal is rapidly 

released by the opsin and then converted to all-trans retinol by retinol 

dehydrogenase [167]. All-trans retinol is transferred from the RPE to the 

photoreceptor by retinoid binding proteins, where it is converted to retinyl esters 

by the enzyme lecithin retinol acyltransferase (LRAT) [168]. Retinyl esters are a 

form of stored vitamin A that accumulates in the RPE in lipid-droplet like 

structures called retinosomes [169,170]. The enzyme RPE65 then mediates the 

conversion of retinyl esters to 11-cis retinol, which is subsequently converted to 

the chromophore 11-cis retinal by 11-cis retinol dehydrogenase [171,172]. The 

chromophore is then transferred back to the photoreceptor by retinoid binding 

proteins for use in future phototransduction events. Perturbation of the visual 

cycle causes visual impairments due to decreased levels of the necessary 

chromophore [173]. 
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Figure 1.4: Anatomy of the retina and retinal pigmented 

epithelium 

(a) The RPE is a single layer of pigmented epithelium that lies between the 

photoreceptors and the choroid. The outer segments of the photoreceptors are in 

direct contact with the RPE. Image is of a representative 20x H&E stained, WT 

eyecup. The outer nuclear layer (ONL) are the nuclei of the photoreceptors. The 

inner nuclear layer (INL) are the nuclei of the interneurons which transmit signal 

from the photoreceptors to the ganglion cell layer (GCL). The yellow box 

indicates RPE and photoreceptors. 

(b) A schematic view of the RPE / Photoreceptor relationship. The outer 

segments of the photoreceptor are tightly associated with the long apical 

microvilli of the RPE.  

(c) Transmission electron microscopy image of the RPE and photoreceptors 

(obtained from 21 day-old mice. Eye sections prepared with the assistance of the  

UVa advanced microscopy core). Outer segments are labeled with OS. µvilli 

denote the apical microvilli of the RPE and * denote outer segment-containing 

phagosomes. 
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Figure 1.5: Schematic of the visual cycle 

Photon-excitation converts 11-cis-retinal to all-trans-retinal. Following conversion 

to all-trans-retinal the retinoid goes through a series of enzymatic conversions in 

order to regenerate 11-cis-retinal. Enzyme abbreviations are in boxes and 

vitamin A intermediates have no surrounding box. RDH – retinol dehydrogenase; 

LRAT – lecithin retinyl acyl transferase; RPE65 – retinal pigmented epithelium 

65; 11cRDH – 11-cis–retinal dehydrogenase. 
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1.2.4 Retinal pigmented epithelium as phagocytes 

Phototransduction produces many oxidative by-products that must be 

broken down in order to prevent photoreceptor death. However, the 

photoreceptors do not have the capacity to neutralize the photo-oxidative waste – 

instead this process of waste management is handled by the RPE [174]. In order 

to rid themselves of photo-oxidative waste, photoreceptors shed their distal-most 

(oldest) outer segments (POS) daily [105]. POS shedding is regulated by the 

circadian rhythm and occurs around the time of light onset [105,174]. To 

replenish the lost rhodopsin-discs, the photoreceptors renew daily and add fresh 

rhodopsin-discs at the base of the outer segment [175]. The RPE phagocytose 

the shed POS, safely removing the oxidative by-products from the milieu [176].  

The role of PtdSer in RPE phagocytosis has been demonstrated in 

multiple ways. First, outer segments membranes were shown to contain high 

levels of PtdSer and PtdSer is exposed on outer segment tips in a diurnal fashion 

that is coincident with the time of phagocytosis [177,178]. Furthermore, blocking 

PtdSer with either an antibody or Annexin 5 inhibits RPE phagocytosis of POS in 

vitro [178].  

RPE phagocytosis of POS is mediated by the apical microvilli [92,105,179] 

(Figure 1.4b, 1.4c). Multiple PtdSer receptors are expressed by the RPE and 

localize to the apical surface. These receptors include the class B scavenger 

receptor CD36, αvβ5 integrin, MerTK and Tyro3. Importantly, all of these 

receptors have been implicated in RPE phagocytosis. CD36 plays a role in POS 
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internalization but not in binding [180]. Interestingly, CD36 binding does 

not need to occur on the apical surface in order to promote phagocytosis, which 

suggests that signaling via CD36 indirectly supports POS phagocytosis [180]. 

Conversely, αvβ5 mediates binding of the POS to RPE via MFG-E8 but is not 

required for internalization [180]. In vivo, MFG-E8 and αvβ5 are essential for 

regulating the timing of phagocytosis [181,182]. Mfge8–/– and β5
–/– mice do not 

exhibit the typical burst of RPE phagocytosis that occurs around the time of light 

onset [181,182]. Interestingly, this loss of chronicity seems to be mediated at the 

level of the photoreceptor as photoreceptors of Mfge8–/– and β5
–/– mice do not 

exhibit diurnal exposure of PtdSer [178]. Despite Mfge8–/– and β5
–/– mice 

exhibiting similar phagocytic phenotypes, only β5
–/– mice exhibit age-related 

vision loss [182].   

1.2.5 Deficits in RPE phagocytosis cause photoreceptor degeneration 

The role of MerTK in RPE phagocytosis was originally identified when it 

was discovered that the retinitis pigmentosa phenotype in the royal college of 

surgeons (RCS) rat was due to a mutation in Mertk [183]. Retinitis pigmentosa is 

a group of inherited diseases of photoreceptor degeneration [184] and the RCS 

rat model of retinitis pigmentosa was originally described in 1938 [185]. RCS rats 

were found to have an autosomal recessive degeneration of photoreceptors that 

began at 3 weeks of age [185]. In 1976, this phenotype was linked to dysfunction 

of the RPE by generating chimeric rat embryos with RCS and albino rats. As the 

RPE of albino rats lack pigment, the origin of a given RPE cell could readily be 
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distinguished. Using this system, they observed that photoreceptor 

degeneration only occurred in the patches adjacent to RCS-derived RPE [186]. 

Soon after, the RCS phenotype was linked to diminished POS clearance by the 

RPE [97,187]. 

Though the RCS rat was studied extensively as a model of retinitis 

pigmentosa, the causative mutation was unknown for more than 60 years 

following the rat’s initial discovery.  Mertk was ultimately determined to be the 

causative mutation by using a positional cloning screen, which revealed a 

deletion in the splice site upstream of the second exon in Mertk, resulting in a 

truncated transcript [183]. Importantly, in vivo delivery of Mertk to the RPE of 

RCS rats abrogated photoreceptor loss, demonstrating that this phenotype was 

due to the mutation in Mertk [188].  

Since identifying the Mertk mutation in the RCS rat, the importance of 

MerTK in RPE phagocytosis has been confirmed in multiple species.   Mertk–/– 

mice exhibit retinal degeneration that largely mimics the RCS rat [189]. In 

addition, loss of Mertk in humans causes early onset rod-cone dystrophies and 

retinitis pigmentosa [190,191]. Confirmation of retinal disease in Mertk–/– mice 

facilitated additional genetic studies as mice lacking all three TAM receptors were 

generated several years prior to the discovery of MerTK’s role in the RCS rat 

[93]. It was subsequently reported that though the receptor Tyro3 is expressed in 

the RPE, loss of Tyro3 does not cause retinal degeneration [192]. However, it 

was later determined that increased expression of Tyro3 in Mertk–/– mice 
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abrogates retinal degeneration, suggesting that Tyro3 can in fact 

participate in RPE phagocytosis and that retinal degeneration due to the loss of 

Mertk is modifiable [92]. In keeping with early observations that the inherited 

photoreceptor degeneration in the RCS rat was autosomal recessive, one allele 

of Mertk is sufficient to prevent retinal degeneration in mice [192]. Lastly, it was 

confirmed that the retinal degeneration associated with loss of Mertk is due to 

impaired PtdSer recognition as loss of both bridging molecules, Protein S and 

Gas6, phenocopies the loss of MerTK [51]. Importantly, only one allele of one 

bridging molecule is necessary to prevent degeneration [51]. However, loss of 

Gas6 alone does lead to elongation of the POS, suggesting that phagocytosis 

was subtly altered in a way that leads to a new homeostatic set-point for outer 

segment length [51].  

  



   

 

33 

1.3 The role of T regulatory cells in allergic airway 

inflammation 

In a healthy state, immunogenic reactions to harmless, non-self antigens 

are dampened by peripheral tolerogenic responses [193,194]. Allergic airway 

inflammation occurs when the tolerogenic response is either absent or 

overpowered by an inappropriate inflammatory response to innocuous foreign 

antigens [195-198]. However, the mechanisms underlying this defective 

tolerogenic response are incompletely understood.  

Tregs are one of the key mediators of immunologic tolerance [199-201]. 

Tregs maintain a tolerogenic milieu by secreting anti-inflammatory cytokines and 

expressing the negative regulator CTLA4 [201-203]. Treg expressed CTLA4 

reduces MHCII expression and inflammatory cytokine production by antigen 

presenting cells. Treg cells can also act directly on Teff cells to induce cell death, 

decrease proliferation or dampen inflammation [204].  In fact, Treg functionality is 

typically measured by the ability of a Treg population to inhibit effector T cell 

proliferation and cytokine production [205]. The canonical anti-inflammatory 

cytokine produced by Treg cells is IL-10, which acts on APCs and lymphocytes to 

decrease inflammatory activity [202,206]. Treg cells and Treg-produced IL-10 are 

crucial for the induction of tolerance, particularly within the lung and at other 

environmental interfaces [207,208]. Interestingly, patients with asthma are known 

to have lower IL-10 in their airways, perhaps indicative of diminished Treg activity 

in these individuals [209,210].  
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The role of Treg cells in allergic airway inflammation and asthma 

has been extensively studied in the mouse. Multiple studies have shown that 

increasing the size of the Treg population can abrogate allergic airway 

inflammation [211-213]. Additional studies have examined the effect of the 

inflammatory milieu on Treg function and found that inflammatory mediators 

released in response to allergens reduce Treg function both in a mouse model 

and in Treg cells from human patients [214,215]. These studies have shown that 

Treg cells can be functionally suppressed in the setting of allergic airway 

inflammation. However, the intrinsic mechanism of Treg dysfunction in allergic 

airway inflammation and asthma remains unknown.  

1.3.1 The transcription factor FoxO1 

FoxO1 is a regulator of numerous metabolic pathways and is commonly 

associated with glucose metabolism, tumor suppression and aging [216].  

However, FoxO1 also plays an essential role in the immune system, specifically, 

in the development, homeostasis and function of Treg cells [217-220].  Treg 

differentiation occurs at the double positive stage in thymic development when 

FoxP3 transcription is initiated [221]. FoxO1 affects early Treg development by 

promoting FoxP3 expression in the thymus, but does not seem to play a greater 

role in overall thymic development [222]. Cd4-cre Foxo1fl/fl mice have fewer 

FoxP3+ circulating CD4 cells in the periphery but show no obvious defect in other 

T cell populations [217,223]. Interestingly, the FoxP3+ cells that do develop in 

Cd4-cre Foxo1fl/fl mice expressed lower levels of CD25 and CTLA4, both of which 
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play important roles in Treg suppressor function [223].  Accordingly, 

these mice have a greater proportion of activated T cells and eventually develop 

autoimmune disease [217]. 

FoxO1 is not only important during early Treg development, but is also 

critical for maintaining normal Treg function. Conditional deletion of FoxO1 in 

Treg cells (Foxp3-cre Foxofl/fl) caused severe, spontaneous autoimmune disease 

that resulted in 100% mortality by day 30.  Analysis of the lymphocyte 

populations showed that neither the size of the Treg population nor the 

expression of FoxP3 differed from control mice, however the Treg cells adopted 

a pro-inflammatory phenotype and expressed high levels of IFNγ [218].  

The transcriptional activity of FoxO1 is tightly regulated by post-

translational modification, specifically phosphorylation. Dephosphorylated FoxO1 

is active and localized to the nucleus while phosphorylated FoxO1 is sequestered 

in the cytosol [224]. FoxO1 is active in naïve and resting CD4+ cells and 

promotes expression of genes essential for survival and immune surveillance 

[225], specifically, Bcl-2 and S1pr1, which inhibit apoptosis and permit egress 

from lymphoid organs, respectively [218,226,227].  

FoxO1 is a negative regulator of several proteins that are essential for a 

typical inflammatory response, including SOCS3 and IFNγ [218]. Accordingly, T 

cell activation necessitates a loss of FoxO1 activity.  T cell receptor (TCR) 

stimulation activates Akt, which phosphorylates FoxO1 at three residues: Thr24, 

Ser256 and Ser319. The phosphorylation of FoxO1 results in its nuclear 
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exclusion and subsequent inactivation [224]. The stimulation-induced 

deactivation of FoxO1 is transient in all CD4+ cells, but Treg cells restore FoxO1 

nuclear localization more rapidly than Teff [218]. The rapid restoration of FoxO1 

is crucial for normal Treg function as it prevents expression of inflammatory 

mediators. However, the mechanism that promotes the dephosphorylation of 

FoxO1 and its nuclear re-entry in T cells is unknown [218,228]. 

1.3.2 The phosphatase PP2A 

The majority of studies on FoxO1 regulation have focused on FoxO1 

phosphorylation by Akt.  However, the dephosphorylation of FoxO1 is equally 

important to its regulation. FoxO1 dephosphorylation has been studied in a B 

lymphocyte cell line and this study observed that the protein phosphatase 2A 

(PP2A) likely played a physiological role in dephosphorylating FoxO1 in this cell 

type (Figure 1.6) [229].  

PP2A is not a single protein but rather a family of serine-threonine 

phosphatases that are ubiquitously expressed [230].  The PP2A family of 

holoenzymes consist of three sub-units: A, B and C. Sub-units A and B are 

regulatory sub-units while C is the catalytic component [231]. There are multiple 

isoforms of all the sub-units: A and C have two, highly similar isoforms (α and β) 

[230]; sub-unit B has 18 known isoforms and this sub-unit confers substrate 

specificity [231]. Therefore, studies that manipulate PP2A activity or function, 

target the A and/or C sub-units [229,232]. PP2A expression is tightly regulated by 
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a complex autoregulatory mechanism, making it uncommon to see any 

deviation in protein concentration [233].  

Interestingly, a study found that patients with severe asthma had lower 

levels of PP2A protein in their peripheral blood monocytes (PBMCs) than healthy 

controls [234].  They further found that PP2A expression inversely correlated with 

disease severity and glucocorticoid sensitivity [234].  Lymphocytes partially 

comprise the PBMC fraction of blood and the decrease in PP2A expression 

prompted consideration that Treg cells in asthmatic patients might have 

decreased PP2A expression and decreased PP2A could result in decreased 

FoxO1 activity and subsequent Treg dysfunction. 
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Figure 1.6: Proposed PP2A-FoxO1 axis in CD4 cells 

FoxO1 is localized to the nucleus in a dephosphorylated state. Following TCR 

stimulation, Akt phosphorylates FoxO1 leading to its cytosolic sequestration. 

Cytosolic FoxO1 is dephosphorylated by PP2A, exposing a nuclear localization 

sequence and permitting nuclear re-entry. 
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1.3.3 Allergic airway inflammation 

Allergens are generally innocuous foreign antigens that, in most healthy 

individuals, elicit a protective, tolerogenic response [235,236]. However, the 

immune system can respond inappropriately to an allergen. Allergic inflammation 

occurs when the immune system develops an inflammatory response to an 

allergen [237].  

One of the most common allergens and causes of allergic airway 

inflammation is house dust mite (HDM). HDM is one of the most potent allergens, 

as it has multiple allergenic components with different mechanisms of action. The 

HDM allergen DerP1 is a cysteine protease and the other major allergen, DerP2, 

binds to the pattern recognition receptor, TLR4 [238,239]. Additionally, HDM has 

endogenous endotoxin that can further activate TLR4 [240,241].  

Upon exposure to HDM, DerP2 and endotoxin will bind to TLR4 and the 

protease activity of DerP1 disrupts the epithelial cell barrier [242]. The epithelial 

cells then produce IL-33 and TSLP, which activate dendritic cells and recruit 

innate lymphoid cells [243-245]. Activated dendritic cells migrate to the 

mediastinal lymph node (MLN), activate naïve T cells and drive the proliferation 

of allergen specific, Th2 cells [246].  Upon re-exposure to allergen, Th2 cells are 

recruited to the lung and produce IL-4, IL-13 and IL-5: the classic Th2 cytokines 

[247]. These cytokines drive IgE class switching, mucus hyper-secretion, smooth 

muscle reactivity and eosinophilia, which are all considered hallmarks of allergic 
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airway inflammation [248] (Figure 1.7).  Chronic inflammation due to 

repeated exposure can ultimately cause allergic asthma [249].  

In most individuals, this inflammatory cascade is suppressed by the 

regulatory components of the immune system, which elicit a complete tolerogenic 

response [208,250]. For reasons that are currently being investigated, allergic 

individuals do not develop tolerance, which allows the inflammatory response to 

propagate, seemingly unchecked by the regulatory components of the immune 

system [251].  

Thirty nine million people in the United States alone have been diagnosed 

with asthma and the prevalence is steadily increasing [252]. The rapid rise of 

asthma is thought to be critically linked to a simultaneous increase in the 

prevalence of allergy.  At least 80% of asthmatics are predisposed to allergic 

hypersensitivity, and it is estimated that 50% of asthma attacks and asthma-

related hospitalizations are caused by allergic reactions [253]. The common 

therapy for the control of asthma, beyond avoidance of any allergen or triggers, is 

dual treatment with a β agonist to promote bronchodilation and inhaled 

glucocorticoids to mediate local immune suppression [254]. However, the nearly 

13 million patients suffering from asthma attacks each year, suggest that the 

control offered by these therapies is inadequate [252]. Some of the patients with 

recurrent attacks are characterized as glucocorticoid-resistant asthmatics. 

Interestingly, this subset of patients also exhibits dramatically impaired Treg 

function and decreased PP2A expression in their PBMCs, further establishing the 
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hypothesis that decreased PP2A expression might in fact cause Treg 

dysfunction [234,255,256]. 
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Figure 1.7: The inflammatory cascade in allergic airway 

inflammation 

The HDM allergen DerP2 binds to TLR4 expressed on the surface of airway 

epithelial cells, leading to release of inflammatory mediators that recruit innate 

lymphoid cells and activate dendritic cells. Activated dendritic cells drive Th2 

differentiation in the lung-draining mediastinal lymph nodes. Th2 cells re-enter 

the lung upon re-exposure to allergen and promote IgE class switching on B 

cells, smooth muscle cell hyperreactivity and increased mucus production. Treg 

cells suppress this inflammatory cascade at multiple points.  
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1.4 Focus of this work and key hypotheses:   

 This dissertation evaluates the molecular mediators that regulate the 

function of specialized phagocytes and Treg cells. Chapter II of this dissertation 

details our investigation into the role of PtdSer receptors MerTK and BAI1 in 

phagocytosis by both RPE and Sertoli cells. Specifically, we tested the 

hypothesis that PtdSer receptors might be redundant and can functionally 

compensate for one other. Indeed, we found that BAI1 is capable of 

compensating for MerTK in Sertoli cells, but not in the RPE, suggesting that 

PtdSer receptors function in tissue and context-specific manners. In Chapter III of 

this manuscript we tested the hypothesis that the phosphatase PP2A can 

regulate the activity of FoxO1 activity and, in turn, Treg cell functionality. We 

observed that while inhibition of PP2A leads to cytosolic sequestration of FoxO1 

in Tregs, corresponding functional deficits in Treg cells were not seen after PP2A 

inhibition ex vivo. Since both FoxO1 and PP2A are linked to Treg function in vivo, 

our data suggest that ex vivo assays of Treg function do not always recapitulate 

in vivo phenotypes. 

1.4.1 Publications arising from this work: 

Penberthy KK; Rival C; Shankman LS; Raymond MH; Zhang J; Perry JSA,; Han 

CZ; Lysiak JJ; Onengut-Gumuscu S; Palczewski K; Ravichandran KS. Differential 

requirement for phosphatidylserine receptors MerTK and BAI1 in specialized 

phagocytes. Manuscript submitted to Nature Communications. 
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Arandjelovic S; Perry JSA; Penberthy KK; Walk SF; Kim T; Chuang T; 

Cambré E; Onengut-Gomescu S; Gaultier A; Elewaut D; Kim M; Elliott MR; 

Ravichandran KS. Unexpected linkage of a cell clearance module to promoting 

inflammatory arthritis. Manuscript submitted to Science.  

 

Penberthy KK; Buckley MW; Arandjelovic S; Ravichandran K. 2017. Ex vivo 

modulation of the FoxO1 phosphorylation state does not lead to dysfunction of 

regulatory T cells. PLoS ONE 12(3) e0173386 

 

Lee CS; Penberthy KK; Wheeler KM; Juncadella IJ; Vandendabeele P; Lysiak 

JJ; Ravichandran KS. 2016. Boosting apoptotic cell clearance by colonic 

epithelial cells attenuates inflammation in vivo. 44(4) 807-820 

 

Penberthy KK; Ravichandran KS. 2016. Apoptotic cell recognition receptors and 

scavenger receptors. Immunological Reviews. 269(1) 44-59 

 

Penberthy KK; Juncadella IJ; Ravichandran KS. 2014. Apoptosis and 

engulfment by bronchial epithelial cells: implications for allergic airway 

inflammation. 11(S5) S259-62.  
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Chapter II 

Context dependent compensation among phosphatidylserine 

recognition receptors 

This work has been submitted for review to Current Biology: Kristen K Penberthy, 

Claudia Rival, Laura S Shankman, Michael H Raymond, Jianye Zhang, Justin S 

A Perry, Claudia Z Han, Jeffrey J Lysiak, Suna Onengut-Gumuscu, Krzysztof 

Palczewski, Kodi S Ravichandran 

2.1 Summary 

Phagocytes typically express multiple receptors on their surface, which engage 

the lipid phosphatidylserine (PtdSer) that is exposed on apoptotic cells. A long-standing 

unanswered question is whether these receptors are interchangeable or if they play 

unique roles during cell clearance. Functional disruption or loss of the PtdSer receptor 

Mertk is associated with apoptotic corpse accumulation in the testes and degeneration of 

photoreceptors in the eye. Both of these phenotypes are linked to impaired phagocytosis 

by specialized phagocytes, the Sertoli cells of the testes and the retinal pigmented 

epithelium (RPE) of the eye. Here, we used a transgenic approach to overexpress the 

PtdSer receptor BAI1 in mice lacking MerTK (Mertk–/–Bai1Tg) to evaluate PtdSer receptor 

compensation in vivo. Bai1 overexpression rescued Sertoli cell-mediated clearance of 

apoptotic germ cells in the testes of Mertk–/– mice. However, despite robust expression of 

BAI1 on the apical surface of the RPE in the Mertk–/– background, we observed no 

improvements in RPE phagocytosis or photoreceptor degeneration. To determine what 

makes MerTK critical to RPE function, we examined the visual cycle intermediates and 
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performed unbiased RNAseq analysis of RPE from Mertk+/+ and Mertk–/– mice. 

Prior to the onset of photoreceptor degeneration, Mertk–/– mice had less accumulation of 

retinyl esters (precursors of chromophore 11-cis-retinal) and dysregulation of a striking 

array of genes, including subsets related to phagocytosis, metabolism, and several 

linked to retinal disease in humans. Collectively, these genetic rescue experiments 

establish that not all phagocytic receptors are created equal, and that compensation 

among specific engulfment receptors is context and tissue dependent. 
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2.2 Introduction 

Cell death is a crucial part of life. Each day, billions of cells in the human 

body undergo apoptotic cell death and must be cleared [24,39]. In many tissues, 

dying cells are cleared by phagocytes that engulf and digest the apoptotic corpse 

[24,94]. Impediments to apoptotic cell clearance can lead to chronic inflammation 

and autoimmunity [257,258]. Apoptotic cell clearance is stimulated upon 

apoptotic cell exposure of the ‘eat-me’ signal phosphatidylserine (PtdSer) and its 

subsequent recognition by PtdSer receptors on phagocytes [6,7]. Phagocytes 

express a multitude of PtdSer receptors, yet, despite extensive research on 

apoptotic cell recognition and clearance, it is unclear how these PtdSer receptors 

orchestrate cell clearance in a given phagocyte or tissue context [259].  

PtdSer receptors include many different families of proteins including 

integrins, the BAI family of GPCRs, the TIM family, and the TAM family of 

receptor tyrosine kinases [24,39-44]. These protein families are structurally 

diverse and are related only by their shared ligand, PtdSer [24,94,259]. Given the 

importance of apoptotic cell clearance to health and homeostasis, it is not 

surprising that many different receptors have evolved. However, the loss of a 

single receptor often causes deficits in apoptotic cell clearance, suggesting that 

the presence of many receptors cannot be explained as a simple redundancy 

mechanism [41,42,52,257,258]. Thus, the question of whether PtdSer receptors 

are interchangeable or unique in cell clearance remains unclear. To address this 

question, we considered designing a mouse model in which one PtdSer receptor 
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is overexpressed in the absence of another in order to assess functional 

compensation in vivo.  

In most tissues, evaluation of phagocytosis in vivo is complicated by the 

unpredictable timing of apoptosis and subsequent phagocytic events. Two 

exceptions to this rule are tissues where phagocytosis is mediated by 

‘specialized’ phagocytes: the testes and the retina [94]. Specialized phagocytes 

are epithelial-derived, mitotically-quiescent cells [106,164]. Currently, two best 

known examples of specialized phagocytes are the retinal pigmented epithelium 

(RPE) of the eye and the Sertoli cells of the testes [94]. Sertoli cell phagocytosis 

is easily studied in the testes as apoptosis of developing germ cells occurs with 

sufficient regularity to quantify apoptotic corpse accumulation. Similarly, RPE 

phagocytosis is conducive to in vivo analysis as RPE phagocytosis is circadian-

regulated and occurs daily around the time of light onset [134,181]. Furthermore, 

loss of a single PtdSer receptor, MerTK, leads to phagocytic defects in both 

Sertoli cells and the RPE [52]. Mertk–/– mice exhibit apoptotic corpse 

accumulation in the testes and profound retinal degeneration [52]. Thus, Mertk–/– 

mice are uniquely suited for in vivo evaluation of compensation among PtdSer 

receptors. Therefore, we overexpressed the PtdSer receptor BAI1 in Mertk–/– 

mice (Mertk–/–Bai1Tg).   

Specialized phagocytes perform a multitude of supportive functions within 

the tissue.  Though the testes and retina are highly disparate at first glance, 

Sertoli cells and RPE share several key features, including: epithelial derivation, 
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mitotic quiescence, formation of a blood-tissue barrier, maintenance of 

immunological privilege, and as stated above, phagocytosis [106,164]. As, 

phagocytes, Sertoli cells are responsible for clearing germ cells that undergo 

apoptosis during spermatogenesis and the residual-body of cytoplasm that is 

removed from maturing sperm during spermiation [134,260]. RPE have a slightly 

different phagocytic function, unlike Sertoli cells which mediate corpse clearance, 

the RPE ‘trim’ the adjacent photoreceptors in a PtdSer dependent manner 

[174,178].. This RPE-mediated pruning of the photoreceptors occurs daily and is 

a waste-removal mechanism, removing the photo-oxidative byproducts that 

accumulate during phototransduction [174,189]. Mertk–/– mice are born with a full 

complement of photoreceptors but exhibit early-onset photoreceptor 

degeneration due to impaired phagocytosis (pruning) of photoreceptor outer 

segments (POS) [189,192].  

Here, we show that BAI1 is capable of rescuing the phagocytic defects in 

Mertk–/– Sertoli cells.  However, the phagocytic defect in Mertk–/– RPE is not 

compensated by transgenic overexpression of BAI1. When we evaluated the 

visual cycle (a function unique to RPE), we observed that MerTK expression 

impacted the visual cycle prior to the onset of retinal degeneration. In addition, 

we utilized the unbiased method of RNAseq to more broadly assess the role of 

MerTK in the RPE. Indeed, we observed that the expression of many genes, 

including those related to phagocytosis and metabolism and other forms of retinal 

disease, were dysregulated in Mertk–/– RPE prior to the onset of retinal 
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degeneration. Collectively, these findings suggest that PtdSer receptor 

functionality is contingent on tissue and context, and that while they can 

compensate for each other in certain contexts, they also have unique roles where 

they are not interchangeable.  

2.3 Experimental Procedures 

2.3.1 Mice  

Mertk–/– mice were purchased from Jackson Laboratories (stock no: 

011122 – B6;129-Mertktm1Grl/J). Bai1Tg mice were previously generated by our lab 

on a C57Bl/6N background and then backcrossed with C57Bl/6J mice [86]. The 

Bai1Tg mice were screened for the RD8 mutation and were confirmed to be RD8 

negative [261] Mertk–/– mice were crossed to Bai1Tg mice to generate the first 

generation of Mertk+/–Bai1Tg mice. Progeny from this initial cross were bred to the 

original Mertk–/– line from Jackson Laboratories. For line maintenance, Mertk+/–

Bai1Tg progeny were crossed to the original Mertk–/– line from Jackson 

Laboratories. Mertk+/+ and Mertk+/+ Bai1Tg mice were generated by crossing 

Mertk+/– and Mertk+/– Bai1Tg siblings. Mice were maintained on a 14-10 h light-

dark cycle. Animals for analysis were euthanized by CO2 asphyxiation. All animal 

procedures were approved by and performed according to guidelines of the 

Institutional Animal Care and Use Committee (IACUC) at the University of 

Virginia. 
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2.3.2 RPE isolation for culture and gene expression analyses  

The RPE isolation protocol was previously described [262] Eyes were 

enucleated from P14 neonatal mice 2 hours after light onset. Globes were 

incubated in serum free DMEM (Corning) with 2% dispase (Worthington). 

Following incubation, eyes were washed 3 times in DMEM supplemented with 

10% fetal bovine serum (FBS) (Gemini). Cornea, iris and lens were removed 

from each eyecup. The eyecups were incubated for 20 minutes at 37 °C in 

DMEM supplemented with 10% FBS. Following incubation, the neural retina was 

removed from each eyecup. The eyecup was tugged at opposite ends to release 

the RPE layer. RPE sheets were washed in Ca2+ / Mg2+ free HBSS (Gibco). RPE 

to be used for RT-PCR or RNAseq were lysed in 350 µL of RLT buffer (Qiagen). 

RPE to be used for protein analysis were lysed in 40 µL of RIPA buffer. Cultured 

primary RPE were re-suspended in DMEM supplemented with 10% FBS and 

non-essential amino acids (Corning) and plated on fibronectin coated chamber 

slides. RPE from both eyes were plated per well of 8-well chamber slides.  

2.3.3 Immunoblotting  

Crude RPE lysates in RIPA buffer were sonicated 2 times for 10 s to shear 

DNA. Sonicated lysates were incubated at 37 °C in Laemmli sample buffer for 30 

min.. Lysates were run on Any-kD stain free gels (Bio-Rad) and transferred to 

PVDF membranes. Membranes were blocked in Tris buffered saline with Tween 

20 (TBS-T) with 5% milk for 1 h at room temperature. The following primary 

antibodies were used at 1:1000 dilution unless otherwise indicated: MerTK (R&D 
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#AF591), HA (Cell Signaling Technology, clone C29F4), Rac1 

(Millipore, clone 23A8), Dock180 1:200 (Santa Cruz #6043 and #6167), ELMO2 

(in-house[67]), and β-actin 1:100,000 (Sigma clone AC-15).  

2.3.4 qRT-PCR 

 RNA was purified from cell lysates with RNeasy kit (Qiagen). cDNA was 

prepared with Superscript III kit (Thermo Fisher). The following Taqman probes 

(Thermo Fisher) were used for qPCR: Bai1 (Mm00558144_m1), Bai1 human 

(Hs01105174_m1), Bai2 (Mm00557365_m1), Bai3 (Mm00657451_m1), Mertk 

(Mm00434920_m1), Dock1 (Mm01269874_m1), Elmo2 (Mm01248046_m1) 

Elmo1 (Mm00519109_m1), Rac1 (Mm01201657_m1), Ano1 (Mm00724407_m1), 

Elovl1 (Mm01188316_g1), Acss2 (Mm00480101_m1), Fbln7 (Mm01336227_m1) 

β2m (Mm00437762_m1), Hprt (Mm00446968_m1), and Slc4a4 

(Mm01347935_m1). 

2.3.5 Eyecup dissection and ONL analysis 

Central corneas of enucleated eyes were punctured with a 25-gauge 

needle. Eyes were submerged in Hartman’s fixative (Sigma) and incubated for 1-

3 h at room temperature. Following initial fixation, the cornea, iris and lens were 

removed. Eyecups were returned to fixative and incubated overnight at 4 °C. 

Eyecups were moved to 30% sucrose for cryo-protection and incubated at 4 °C 

until they sank. Eyecups were embedded in O.C.T. (Tissue-Tek) and flash frozen 

in an isobutane dry ice bath. Consistent orientation of the ‘nasal-notch’ during 

embedding was maintained to control eyecup orientation. Sagittal eyecup 
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sections were cut at 10 µm thickness and sections transecting the optic 

cup were collected. Sections for ONL analysis were stained with Mayer’s 

haematoxylin (Sigma) and eosin (Fisher) and tiled at 20x magnification on an 

Axio Imager.z1 (Zeiss) with Stereo Investigator software (MBF Biosciences). An 

image mask with 20 fixed measurement points was applied to eyecup images in 

Photoshop (Adobe). The ONL was measured at points indicated by the mask in 

ImageJ software (NIH).  

2.3.6 In situ rhodopsin analysis  

P17-P21 mice were euthanized 1 h after light onset. Eyes were dissected, 

fixed and sectioned as described above. Eye sections were blocked in PBS 

(Corning) with 10% normal goat serum (Jackson Immunoresearch) for 1 h at 

room temperature. Sections were stained overnight with rhodopsin antibody 

diluted 1:500 (Abcam clone Rho 4D2). AF647 conjugated secondary antibody 

was used to detect rhodopsin. Tiled images were acquired at 40x magnification 

on an Axio Observer.z1 microscope (Zeiss). The RPE layer was isolated in 

Photoshop (Adobe). Quantification of puncta was performed by automated 

particle count in ImageJ (NIH).   

2.3.7 Flat mount preparation and staining  

Mice were euthanized between 4 and 6 weeks of age. Eyes were 

enucleated and the cornea, iris, lens and neural retina were removed. Eyes were 

cut at four points for flat mount ‘clover’ preparation and fixed for 1 h in PBS 4% 

paraformaldehyde (PFA) at room temperature. Flat mounts were blocked and 
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permeabilized in PBS 10% normal horse serum (Hyclone) and 0.1% 

Tween 20 then stained over night at 4 °C with anti-GFP antibody at 1:50 (Abcam 

#6673). Secondary antibody conjugated to AF488 was used to detect GFP 

staining. Flat mounts were then stained with anti-ZO-1 at 1:250 (Thermo Fisher 

#61-7300) for 1 h at room temperature. Secondary antibody conjugated to AF647 

was used to detect ZO-1 staining. Images were acquired at 20x magnification on 

a confocal Axio Observer.z1 microscope (Zeiss).  

2.3.8 Eyecup staining for HA  

Mice were euthanized between 4 and 6 weeks of age. Eyes were 

enucleated and the cornea, iris, lens, and neural retinas were removed. Eyecups 

were fixed for 1 h in PBS 4% PFA at room temperature then moved to 30% 

sucrose for cryo-protection and incubated at 4 °C until the eyecups sank. Eyes 

were embedded in O.C.T. Eyecups were sectioned at 10 µm and sections 

bisecting the optic cup were collected. Sections were blocked in PBS with 10% 

normal goat serum for 1 h at room temperature. Sections were stained overnight 

at 4 °C with anti-HA antibody 1:100 (Cell Signaling Technology clone C29F4). 

AF647 conjugated secondary antibody was used to detect staining (Thermo 

Fisher). Sections were then stained with biotin conjugated anti-ezrin antibody 

1:100 (Thermo Fisher clone 3C12) overnight at 4 °C. AF488 conjugated 

streptavidin was used to detect ezrin staining (Thermo Fisher). Images were 

acquired on an Axio Imager.z2 microscope with Apotome (Zeiss).  



   

 

57 

2.3.9 Ex vivo RPE phagocytosis assays  

Primary RPE were isolated and cultured as described above on 8-well 

cover slips. Ex vivo phagocytosis assays were performed after 3-5 days in 

culture. Bovine photoreceptor outer segments (Invision Biosciences) were 

stained with CypHer 5e (GE Healthcare). Outer segments (1x106) were added to 

each well of RPE in a 300 µL volume. An Axio Observer.z1 microscope with an 

incubation chamber was used to acquire images every 5 min. RPE were imaged 

for 3 h. 2 h still images were used to calculate phagocytic index, which was 

determined by the number of events per field. Phagocytic index was normalized 

to control in each experiment.  

2.3.10 Testicular torsion  

Torsion surgery was performed as previously described [263]. The studies 

were performed in accordance with the ‘Guiding Principles of the Care and Use 

of Research Animals’ promulgated by the Society for the Study of Reproduction. 

The male mice were anesthetized with an intraperitoneal (IP) injection of a 

mixture of 6 mg /100 g of ketamine and 0.5 mg/100 g of xylazine. After the testes 

were exteriorized through a low ventral midline incision, the testes were released 

from the epididymo-testicular membrane through incising the gubernaculums. 

For torsion, the testis of right side was rotated 720° for 2 h, during which time it 

remained in the abdomen with a closed incision. For sham control, the testis was 

freed of the epididymo-testicular membrane and left in the abdomen. After 2 h, 

the incision was reopened, the testis was counter-rotated to the natural position, 
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the gubernaculum was rejoined, the testes were reinserted into the 

scrotum, and then the incision was closed. 24 h after operation, mice were 

euthanized. The testes were removed and fixed for 6 h in Bouin’s fixative for 

paraffin embedding. Testicular cross sections were stained for cleaved caspase-

3 at the University of Virginia Biorepository and Tissue Research Facility. 

Testicular cross sections were imaged at 20x with an Aperio Scanscope at the 

University of Virginia Biomolecular Analysis Facility and Shared Instrumentation 

Core. The number of apoptotic cells per tubule was determined for the entire 

cross section.  

2.3.11 Sertoli cell isolation and staining  

Testes from P11-P21 day-old mice were isolated and decapsulated. 

Tubules were dispersed in a solution of HBSS, 0.0625% Trypsin (Corning) 10 

µg/mL DNase (Sigma) for 20 min. at 37 °C then 0.00625% Soybean trypsin 

inhibitor (SBTI) (Sigma) was added and the supernatants were decanted. 

Tubules were re-suspended in HBSS with 1 M glycine, 2 mM EDTA, 0.0625% 

SBTI, and 10 µg/mL DNase and incubated for 10 min. at room temperature. 

Suspensions were spun at 1000 RPM. Tubules were minced and re-suspended 

in HBSS with 1 mg/mL collagenase and 10 µg/mL DNase in a shaking water bath 

at 37°C for 30 minutes. Tubule fragments were allowed to sediment at room 

temperature and re-suspended in HBSS with 15 U/mL hyaluronidase (Sigma) 

and 10 µg/mL DNase and incubated in a shaking water bath at 37 °C for 30 min. 

Tubule fragments were centrifuged at 1000 RPM. Pellets are washed and re-
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suspended in F12/DMEM (Corning) with 10% FBS, 1% PSQ 1% 

(Corning), sodium pyruvate (Corning), 10mM HEPES (Corning), 5 µg/mL 

Transferrin (Sigma), 2.5 ng/mL epidermal growth factor (Gibco), 10 µg/mL insulin 

(Gibco). Media was changed after 24 h of culture to remove floating germ cells. 

Sertoli cell cultures were passaged after 3-5 days to chamber slides for staining. 

Sertoli cells were fixed in PBS with 4% PFA for 30 min. at room temperature, 

blocked in PBS with 10% normal goat serum (Jackson Immunoresearch) and 

stained overnight in anti-BAI1 antibody 1:100 (R&D #AF4969).  

2.3.12 Retinoid analysis   

P20-P21 mice were dark adapted overnight. Eyes were collected under 

dim red light and stored at -80 °C until they were analyzed. Eyes were then 

homogenized in 10 mM sodium phosphate buffer, pH 8.0, containing 50% 

methanol (v/v) and 100 mM hydroxylamine. The resulting mixture was extracted 

twice with 4 ml of ethyl acetate. The combined organic layers were dried in 

vacuo, reconstituted in 400 µl of hexanes, and 100 µl of the extract was injected 

on to a normal-phase high-performance liquid chromatography (HPLC) (Agilent 

Sil, 5 µm, 4.6 × 250 mm; Agilent Technologies, Santa Clara, CA) in a stepwise 

gradient of ethyl acetate in hexanes (0–17 min, 0.6%; 17.01–42 min. 10%) at a 

flow rate of 1.4 ml·min−1.  Retinoids were detected by monitoring absorbance at 

325 nm and quantified based on a standard curve representing the relationship 

between the amount of synthetic retinoid standard and the area under the 

corresponding chromatographic peak. 
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2.3.13 RNAseq  

RPE were isolated from littermate P14 mice 2 h after light onset. RNA was 

isolated with an RNeasy kit (Qiagen). An mRNA library was prepared using an 

Illumina TruSeq platform. The transcriptome was sequenced on a NextSeq 500 

cartridge. The statistical software package R (version 3.3.2) was used for all 

analyses. The Bioconductor package DESeq2 was used for differential gene 

expression analysis of RNA-seq data. Heatmaps were created using the R 

package gplots via the heatmap.2 package. The R code used for bioinformatics 

analysis and heatmap generation is available upon request.  

2.3.14 Statistics  

Statistics analysis was performed in GraphPad Prism 7.0. Statistical test 

used as indicated in the figure legends. A p-value <0.05 was considered 

statistically significant.  
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2.4 Results 

2.4.1 BAI1-transgene can reduce corpse accumulation in the testes of 

Mertk–/– mice 

To determine whether distinct PtdSer receptors play unique roles in the 

process of engulfment, we designed a genetic approach to determine whether 

the overexpression of one receptor could rescue for the loss of another. We 

crossed MerTK null (Mertk–/–) and BAI1-overexpressing (Bai1Tg) mice to generate 

Mertk–/–Bai1Tg mice. The rationale for choosing Mertk–/– mice is that they have 

two in vivo phenotypes associated with impaired phagocytosis. First, Mertk–/– 

mice exhibit accumulation of apoptotic germ cells in the testes due to impaired 

Sertoli cell phagocytosis [52,93].  Second, these mice exhibit profound retinal 

degeneration due to failed clearance of POS by the RPE [24,39,189]. We elected 

to overexpress Bai1 in an attempt to rescue the phenotypes in Mertk–/– mice, as 

BAI1 overexpression can enhance PtdSer-dependent apoptotic cell clearance by 

multiple phagocytes, including intestinal epithelial cells and Sertoli cells. 

Furthermore, Bai1Tg mice had been previously generated and characterized 

[24,42,86,94,131].  

Sertoli cells are the specialized phagocytes of the testes and promote 

routine phagocytosis of apoptotic germ cells. Sertoli cells utilize both BAI1 and 

MerTK during the phagocytosis of apoptotic germ cells [52,86]. Mertk–/– mice 

exhibit accumulation of apoptotic corpses at baseline [52] and Bai1–/– mice exhibit 

apoptotic corpse accumulation following testicular torsion [86]. Furthermore, 
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Bai1Tg mice exhibit a decrease in corpse accumulation following torsion 

[86]. Given the endogenous role for MerTK and BAI1 in the testes, we initially 

tested PtdSer receptor compensation in Mertk–/–Bai1Tg mice in the context of 

Sertoli cells.  

Prior to evaluating apoptotic cell accumulation in the testes, we confirmed 

that Sertoli cells endogenously express Mertk, Bai1 and components of the BAI1 

signaling pathway: Elmo1, Dock180 and Rac1 (Figure 2.1a) [259]. Importantly, 

expression of the BAI1 signaling pathway did not differ between Mertk+/+ and 

Mertk–/– mice (Figure 2.1a). In addition, we confirmed that the Bai1Tg was 

expressed by Sertoli cells and that the BAI1-Tg properly localized to the surface 

of Mertk–/– Sertoli cells (Figure 2.1b). To determine whether Bai1 overexpression 

could rescue phagocytic deficits in Mertk–/– Sertoli cells, we evaluated apoptotic 

corpse accumulation in testes that had undergone surgical torsion and those that 

underwent sham surgery [263,264]. Corpse accumulation was quantified by 

counting cleaved-caspase 3 positive cells in testicular cross-sections (Figure 

2.1c, 2.2). As was previously reported, Mertk–/– mice exhibited a slight but 

significant increase in apoptotic corpse accumulation at baseline (Figure 2.1c, 

2.1d) [52]. While the Mertk–/–Bai1Tg mice trended towards fewer apoptotic 

corpses at baseline, this was not statistically significant (Figure 2.1d).  Analysis 

of injured testes revealed that Mertk–/– mice had substantially more apoptotic cell 

accumulation than control littermates (Figure 2.1c, 2.1d). Interestingly, corpse 

accumulation in Mertk–/–Bai1Tg mice was significantly decreased compared to 
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Mertk–/– mice. In fact, the corpse numbers in Mertk–/–Bai1Tg mice were 

reduced to the number in Mertk+/+ mice (Figure 2.1c, 2.1d). These data suggest 

that Bai1 overexpression can rescue phagocytic defects in Mertk–/– Sertoli cells.  

 

  



   

 

64 

Figure 2.1: Bai1Tg rescues accumulation of apoptotic 

corpses post-torsion 

(a) Sertoli cell expression of Bai1, BAI1 signaling pathway genes, and Mertk 

were analyzed by quantitative RT-PCR. Sertoli cells were isolated from Mertk+/+ 

(n=4) and Mertk–/– (n=2) mice and were cultured for 3 days to expand them prior 

to RNA isolation.  

(b) Representative images of isolated Sertoli cells from Mertk–/– and Mertk–/–

Bai1Tg mice were stained for BAI1 to confirm surface expression of the Bai1Tg.  

(c) Mice (8-12 weeks-old) underwent testicular torsion surgery to induce ischemic 

injury.  Testicular cross sections from sham and torsion testes were stained for 

cleaved caspase 3 (CC3) (black arrowheads). Images are of representative 

tubule cross sections from matched sham and torsion testes.  

(d) The number of CC3 positive cells per tubule cross section was determined by 

analyzing the entire testicular cross section. Each mouse is represented by an 

individual data point within the bar. Statistical analysis was performed with a 

Wilcoxon rank-sum test. *p<0.05, ***p<0.001.  
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Figure 2.2: Testicular cross sections  

Representative scans of testicular cross sections from sham and torsion testes. 

Scans were magnified 20x and CC3+ cells were counted. Scale bar = 700 µm.  
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2.4.2 RPE from Mertk–/–Bai1Tg mice express the Bai1Tg and BAI1 

signaling pathway  

Mertk–/– mice exhibit profound retinal degeneration that is the result of 

failed clearance of POS by the RPE [183,189]. Previous studies have established 

that POS expose PtdSer that is subsequently recognized by the RPE [178]. 

Mertk is highly expressed by the RPE and is crucial for POS clearance 

[183,189,192]. Since the RPE do not express BAI1 endogenously (Figure 2.3a), 

we tested whether the components of the BAI1 signaling pathway are present 

within the RPE. We isolated RPE from Mertk+/– and Mertk–/– mice and analyzed 

expression of the BAI1 signaling components ELMO, Dock180 and Rac1 by RT-

PCR and immunoblotting (Figure 2.4a, 2.4b). Importantly, we found that ELMO2, 

Dock180 and Rac1 were all expressed. Furthermore, expression of BAI1 

signaling components did not differ between RPE from Mertk+/– and Mertk–/– mice 

as assessed by both RNA and protein (Figure 2.4a, 2.4b), suggesting that BAI1 

could theoretically function in the RPE.  

We next assessed Bai1Tg expression and localization within the RPE. The 

Bai1Tg mouse construct contains three separate methods to detect expression in 

situ (Figure 2.4c). First, the Bai1Tg construct includes an IRES-driven GFP, 

which allows visualization of the transcriptional activity at the Bai1Tg locus. To 

assess GFP expression in RPE, we prepared RPE flat mounts from Mertk+/–

Bai1Tg and Mertk–/–Bai1Tg mice and imaged GFP by confocal microscopy (Figure 

2.4d). The GFP expression pattern appears uniform across the RPE layer in both 
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Mertk+/–Bai1Tg and Mertk–/–Bai1Tg mice. On average, 45% of the area in 

each 20x field is GFP positive (data not shown). Importantly, no GFP signal was 

detected in mice lacking the Bai1Tg (Figure 2.4d). Second, the Bai1Tg is derived 

from the human Bai1 cDNA [86]. Despite being highly homologous to mouse 

BAI1 at the protein level and indistinguishable in functional assays [42,189], 

human Bai1 transcript can be distinguished from the murine transcript by RT-

PCR. Human Bai1 was readily detected in the RPE of Mertk+/–Bai1Tg and Mertk–/–

Bai1Tg but not littermate control mice (Figure 2.4e). Third, the Bai1Tg construct 

has an N-terminal HA-tag, which facilitates detection of the Bai1Tg protein. The 

HA-BAI1 protein was readily detected in the extracts of isolated RPE cells by 

immunoblotting (Figure 2.4f).  

RPE cells are highly polarized and the apical microvilli mediate the 

phagocytosis of photoreceptor outer segments. Therefore, to assess whether the 

Bai1Tg protein was properly localized on the apical surface in a location similar to 

MerTK [192], we stained for the HA-tag in eyecup cross sections.  HA-BAI1 

showed apical localization and co-localized with ezrin, a cytoskeletal protein 

enriched in microvilli (Figure 2.4g). Furthermore, HA-BAI1 was detected on the 

apical RPE surface of both Mertk+/–Bai1Tg and Mertk–/–Bai1Tg mice. These data 

suggested that RPE cells in the Mertk–/–Bai1Tg mice express the Bai1Tg, and that 

the BAI1 protein localizes to the region of the RPE that mediates phagocytosis.   

To examine whether there are signals initiated by the BAI1 transgene 

within the RPE, we performed RNAseq on Mertk+/+ and Mertk+/+Bai1Tg mice to 
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identify genes likely altered by the Bai1Tg. Significant transcriptional 

changes were noted in 63 genes from the Bai1Tg mice. When we focused on 

genes previously associated with BAI1, such as cholesterol homeostasis, axonal 

growth and synaptogenesis [131,265,266], we identified 10 genes with functions 

that are associated with the aforementioned processes (Figure 2.3b). These 

data suggest that BAI1 is not only expressed by RPE cells at the correct location, 

but can also signal to induce transcriptional changes in RPE cells.  
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Figure 2.3: Bai1Tg influences gene transcription in RPE 

despite the lack of endogenous Bai1 

(a) RPE expression of Bai1, Bai2 and Bai3 was assessed by quantitative RT-

PCR in Mertk+/+ mice (n=2). Mertk expression was also evaluated for 

comparison. Cortex was used as a positive control for Bai family expression.  

(b) RNAseq was performed on Mertk+/+and Mertk+/+Bai1Tg RPE. Genes related to 

different BAI1 functions were annotated in the heatmap and annotated gene 

function is noted on the right.   
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Figure 2.4: RPE express components of BAI1-signaling 

pathway and Bai1Tg 

(a) Expression of the BAI1 signaling pathway was analyzed by quantitative RT-

PCR in RPE isolated from P14 Mertk+/– and Mertk–/– mice.  

(b) Immunoblot analysis of BAI1 signaling pathway in RPE whole cell lysates 

isolated from P14 mice. Left panel shows representative immunoblots for Mer, 

Dock180, Elmo2 and Rac.   Right panel shows combined densitometry analysis 

of immunoblots from n=3 mice per genotype. For densitometry analysis, band 

volumes were normalized to an actin loading control and band densities in  

Mertk–/– were then normalized to Mertk+/– for comparison across multiple blots.  

(c) Schematic of Bai1Tg insertion in the Rosa26 locus indicating the N-terminal 

HA-tag in red and IRES-GFP in green.  

(d) GFP expression was analyzed in RPE flat mount preparations at 20x 

magnification. Inset image in the left panel shows a representative flat mount at 

1.2x magnification. White scale bars in images are 50 µm. Images are 

representative of n=2 mice per genotype.  

(e) qRT-PCR analysis of Bai1Tg expression in Mertk+/–Bai1Tg (n=9) and Mertk–/–

Bai1Tg (n=3) RPE isolated on P14. n.d. = not detected.  

(f) Immunoblot analysis of HA-tag (Bai1Tg) in RPE whole cell lysates isolated 

from P13-P14 mice. Immunoblot shown is representative of n=2 experiments.  
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(g) HA staining and localization was analyzed in eyecups at 40x 

magnification. Neural retinas were removed prior to fixation and staining. Black 

lines next to the figure align with apical microvilli of RPE. Scale bars are 20 µm.  
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2.4.3 Mertk-linked retinal degeneration is not rescued by BAI1 

We next assessed the retinal degeneration in Mertk–/–Bai1Tg mice. 

Photoreceptors in Mertk–/– mice begin to show signs of overgrowth at post-natal 

day 17 and exhibit highly disorganized POS 35 days after birth [189,192].   

Degeneration of the photoreceptor layer begins soon afterwards and previous 

reports have demonstrated that most photoreceptors are lost by 12 weeks of age 

[51,189,192].  To assess retinal degeneration, we collected sagittal sections of 

eyes that transect the optic cup (where the optic nerve meets the retina) (Figure 

2.5a, 2.5b). Inspection of central retinas from 12 week-old Mertk–/– and Mertk–/–

Bai1Tg revealed equivalent degeneration of the outer nuclear layer (ONL) 

consisting of photoreceptor nuclei. Importantly, Mertk+/–Bai1Tg retinal cross 

sections exhibited normal retinal architecture suggesting that the retinal structure 

was not adversely affected by transgenic Bai1 expression (Figure 2.4a).    

ONL thickness is not equivalent across the retina and degeneration is not 

necessarily homogeneous [51,92]. To standardize the measurement of ONL 

across the entire section, we adapted a previously described technique [51] and 

measured the ONL thickness at 20 standardized points across the ‘inferior-

superior’ axis of the retinal section (Figure 2.5b). We measured ONL thickness 

in mice at 8 and 12 weeks of age (Figure 2.5c). At 8 weeks of age, both Mertk–/– 

and Mertk–/–Bai1Tg mice exhibited moderate degeneration across the entire 

inferior-superior axis (Figure 2.5c).  By 12 weeks of age, retinal degeneration 

had progressed in both Mertk–/– and Mertk–/–Bai1Tg mice (Figure 2.5c). As 



   

 

77 

previously reported [51,92], degeneration was more severe in the 

superior than the inferior retina (Figure 2.5d, 2.5e). Importantly, degeneration 

was equivalent between Mertk–/– and Mertk–/–Bai1Tg animals.  Collectively, these 

data indicate that overexpression of Bai1 did not rescue retinal degeneration 

resulting from the loss of Mertk.  

For analysis of ONL degeneration we facilitated littermate comparison by 

using Mertk+/– and Mertk–/–mice as previous studies demonstrated that the retinas 

of Mertk+/– mice are indistinguishable from Mertk+/+ mice [51,192]. Importantly, we 

also confirmed that Mertk+/– mice exhibited no retinal degeneration as late as 16 

weeks of age (Figure 2.6a), despite decreased expression of MerTK in Mertk+/– 

relative to Mertk+/+ animals (Figure 2.6b, 2.6c).  
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Figure 2.5: Bai1Tg does not reduce retinal degeneration in   

Mertk–/– mice 

(a) H&E stained eyecup sections that transect the optic cup were imaged from 

the different genotypes at 20x magnification.  

(b) An image mask was applied to the images in Photoshop marking the regions 

to be measured (white dashes overlaid on ONL). Image is a representative 

eyecup with the overlaid image mask. Scale bar is 500 µm.  

(c) ONL measurements were taken at the indicated points (according to the 

image mask) along the inferior-superior axis of the retina. The left panel includes 

measurements from 8 week-old Mertk+/– (n=3) Mertk+/–Bai1Tg (n=5), Mertk–/– 

(n=10) and Mertk–/–Bai1Tg (n=13) mice. Right panel shows measurements from 

12 week-old Mertk+/– (n=6) Mertk+/–Bai1Tg (n=8), Mertk–/– (n=6) and Mertk–/–Bai1Tg 

(n=10) mice. Statistical analysis by 2-way ANOVA showed no difference between 

Mertk+/– and Mertk+/–Bai1Tg mice or Mertk–/– and Mertk–/–Bai1Tg mice at any time 

point. Asterisks indicate the difference between genotypes as measured by 2-

way ANOVA. ****p<0.0001   

(d) Images of the ONL in the inferior retina (25% measurement mark) and the 

superior retina (75% measurement mark) from representative mice.  

(e) Quantification of the difference in ONL thickness in inferior retina (25% 

measurement mark) and the superior retina (75% measurement mark) at 12 

weeks of age. Significance was determined using a Wilcoxon rank-sum test. 

*p<0.05, **p<0.01, ****p<0.0001   
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Figure 2.6: Mertk+/+ and Mertk+/– mice display no 

phenotypic differences in retinal degeneration and phagocytosis 

(a) ONL thickness was measured in Mertk+/+ (n=3), Mertk+/+Bai1Tg (n=2), Mertk+/– 

(n=4), Mertk+/–Bai1Tg (n=7), Mertk–/– (n=4) and Mertk–/–Bai1Tg (n=2) mice at 4 

months of age.  

(b) Mertk expression in the RPE of Mertk+/+ (n=2), Mertk+/– (n=2) and Mertk–/– 

(n=2) mice was evaluated by quantitative RT-PCR and  

(c) immunoblotting. Immunoblot shown is representative of 2 experiments.  

(d) Eyes from P17-P21 Mertk+/+, Mertk+/+Bai1Tg, Mertk+/–, Mertk+/–Bai1Tg mice 

were isolated at 1 h after light onset. Eyes were sectioned and stained for 

rhodopsin. Rhodopsin puncta in the RPE, referred to as phagosomes, were 

quantified by automated particle count in ImageJ. Symbols within the bars 

represent the average particle count from the left and right eyes of one mouse. 
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2.4.4 BAI1-transgene does not promote phagocytosis in the RPE  

Retinal degeneration in Mertk–/– mice is attributed to decreased 

phagocytosis of POS. Therefore, we analyzed RPE phagocytosis of POS in 

Mertk–/– and Mertk–/–Bai1Tg mice. Unlike most in vivo phagocytic events, RPE 

phagocytosis is readily analyzed due to its temporal regulation (around light 

onset) and because the content of the phagosomes (rhodopsin) can be 

visualized [189,267]. The rate and amount of phagocytosis is a dual function of 

phagocyte efficiency and the ratio of targets to phagocytes. Since Mertk–/– mice 

exhibit photoreceptor degeneration, the number of POS targets decreases as 

degeneration progresses. Therefore, decreases in RPE phagocytosis after the 

onset of degeneration could be due to the inefficient uptake by the RPE or a 

decreased target to phagocyte ratio. To ensure that any observed changes in 

phagocytosis were due to RPE phagocytic efficiency, we analyzed mice prior to 

the onset of retinal degeneration, at P17-P21 days of age. Importantly, analysis 

of ONL thickness at this age confirmed that degeneration in Mertk–/–  and Mertk–/–

Bai1Tg mice had not yet begun (Figure 2.7a).  

To quantify phagocytosis, we harvested eyes 1 h after light onset and 

immunostained sagittal-eye sections for rhodopsin (Figure 2.7b, white arrows). 

Importantly, rhodopsin puncta are degraded over time and thus are mostly 

absent 8 h after light onset, suggesting that these puncta are not artifacts of 

sectioning or staining (Figure 2.7b). Quantification of puncta at 1 h post-light 

onset revealed a striking decrease in rhodopsin puncta in the RPE of Mertk–/– 
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mice relative to Mertk+/– mice. However, neither Mertk+/–Bai1Tg nor 

Mertk–/–Bai1Tg mice exhibited differences in the number of puncta compared to 

their respective controls (Figure 2.7c). Furthermore, neither the loss of Mertk nor 

overexpression of BAI1 affected phagosome trafficking in RPE, as indicated by 

basolateral localization of phagosomes (Figure 2.8). BAI1 overexpression was 

previously shown to enhance phagocytosis in WT epithelial cells (both in vitro 

and in vivo) [86]. However, BAI1 was unable to enhance phagocytosis in Mertk+/+ 

mice and importantly, the number of puncta in Mertk+/+ mice were equivalent to 

the number seen in Mertk+/– (Figure 2.6d).  Collectively, these data suggest that 

Bai1Tg expression is unable to rescue the RPE phagocytic defect observed in 

Mertk–/– mice.  

We attempted to dissect RPE phagocytosis further by using an in vitro 

culture system, which would allow better target ratio modifications and the use of 

pharmacological agents to test additional hypotheses. We developed an in vitro 

culture and phagocytosis system for primary RPE cells that would allow 

monitoring of phagocytosis by real-time imaging. Time-lapse microscopy at the 

appropriate resolution necessitated culturing RPE cells on cover glass. The 

cultured RPE cells exhibited hexagonal architecture with clear ZO-1 staining 

(indicative of tight junctions) at the cell boundaries. In addition, staining for the 

Na+/K+ ATPase was apparent on the apical surface, suggesting that RPE cells 

were polarizing appropriately (Figure 2.9a). Bovine POS were labeled with the 

pH sensitive dye CypHer 5e and used as targets for phagocytosis by RPE. 
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These POS also exposed PtdSer, as indicated by annexin V staining 

(Figure 2.9b). Labeled POS were added to RPE cultures and phagocytosis was 

monitored in real-time. Within 15-30 min. of POS addition to RPE cultures, 

CypHer-positive phagocytosis events were apparent in the RPE (Figure 2.9c).  

Although our in vitro assay system could detect changes in phagocytosis, 

it did not recapitulate well-established in vivo phenotypes. We were able to detect 

changes in phagocytosis when the number of POS were increased (data not 

shown), and with inhibition of the kinase ROCK (via the drug Y27632, a well-

established means of enhancing cell clearance) [57,268] (Figure 2.9d). 

However, we surprisingly did not observe a phagocytic defect in Mertk–/– RPE, 

nor did we observe a significant phagocytic enhancement in RPE expressing the 

Bai1Tg (Figure 2.9e). Since this assay did not recapitulate the decreased 

phagocytosis in Mertk–/– RPE, we were unable to use it to assess MerTK-specific 

mechanisms of RPE phagocytosis.  
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Figure 2.7: Bai1Tg does not enhance RPE phagocytosis 

(a) Eyes were isolated from P17-P21 mice 1 h after light onset. ONL 

measurements were completed as described above. Measurements were taken 

along the inferior-superior axis at the indicated points from Mertk+/– (n=2), 

Mertk+/–Bai1Tg (n=5), Mertk–/– (n=5), and Mertk–/–Bai1Tg (n=4) mice. No significant 

difference was found between any genotypes by 2-way ANOVA.  

(b) Eyecups isolated 1 h after light onset (top panel) were stained for rhodopsin 

and nuclei (Hoechst). The entire eyecup was imaged at 40x (top panel, inset). 

Rhodopsin staining is robust in the outer segments (OS) of the photoreceptors. 

Rhodopsin puncta are apparent in the RPE layer (white arrowheads). Bottom 

panel shows representative staining from an eyecup isolated 8 h after light onset.  

(c) Rhodopsin puncta in the RPE, referred to as phagosomes, were quantified in 

ImageJ by an automated particle count. Particle size was constrained from 0.5 

µm to ∞ and minimum circularity was restricted to 0.2. Symbols within the bars 

represent the average particle count from the left and right eyes of one mouse. 

Significance was determined by one-way ANOVA. Multiple comparison analysis 

was corrected with a post-hoc Tukey’s test. 
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Figure 2.8: Bai1Tg does not influence apical-basolateral 

localization of phagosomes 

Eyecups isolated at 1 hour and 8 h after light onset were stained for rhodopsin 

and nuclei. Entire eye cups were imaged at 40x and phagosome localization was 

compared. Representative images from the central retina are shown. Dotted lines 

indicate RPE boundaries. White scale bars are 20µM. Rhodopsin punctae are 

indicated by white arrowheads. 
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Figure 2.9: Ex vivo RPE phagocytosis assays do not 

recapitulate in vivo phenotypes 

(a) RPE were isolated from P11-P14 mice and plated on coverglass for live 

imaging. RPE architecture and polarization were assessed by staining for the 

tight junction marker ZO-1 and the apical Na/K ATPase.  

(b) Bovine POS were stained with annexin V to confirm PtdSer exposure.  

(c) Representative field from phagocytosis assay at a 2 h time point. White 

arrowheads indicate CypHer 5e+ puncta.  

(d) RPE cultures were pre-treated with ROCK inhibitor Y27632 for 2 hours prior 

to POS addition. ROCK inhibitor remained in culture for the duration of the 

phagocytosis assay. Phagocytic index was calculated based on the number of 

CypHer+ events per field at 2 hours and normalized to control. Data were 

compiled from 2 experiments with a total of n=2 mice per treatment. Data plotted 

are from all fields and bars show standard deviation. Significance determined by 

Wilcoxon rank-sum test. * p<0.05  

(e) Phagocytic index was calculated based on the number of CypHer+ events per 

field at 2 hours and normalized to WT. Data were compiled from 4 independent 

experiments with a minimum of n=3 mice per genotype.  
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2.4.5 Mertk–/–mice exhibit diminished retinyl ester accumulation 

prior to the onset of degeneration 

Because Bai1Tg expression could rescue phagocytic deficits in Mertk–/– 

Sertoli cells but not RPE, we asked whether MerTK influences RPE-specific 

functions beyond phagocytosis. One critical function of the RPE is recycling the 

inactive form of vitamin A (all-trans-retinol) to the light-reactive chromophore 11-

cis-retinal. This process is known as the visual or retinoid cycle [269]. Failure to 

generate 11-cis-retinal leads to visual impairment due to decreased 

phototransduction [269]. It was previously reported that by the peak of retinal 

degeneration at 3 months, Mertk–/– mice have increased retinyl esters (stored 

form of vitamin A and precursors to 11-cis-retinal) and substantially decreased 

11-cis-retinal [270]. As these results could be due to either the absence of MerTK 

or the ongoing retinal degeneration, we assessed whether the loss of Mertk 

affects the visual cycle prior to the onset of retinal degeneration (Figure 2.10a).  

High-performance liquid chromatography was used in a blinded assay to 

quantify all-trans-retinyl esters and 11-cis-retinal in the eyes of dark-adapted 

mice at P21 (prior to degeneration but after significant retinal maturation) 

[189,192,271,272]. Retinyl esters are notoriously difficult to extract and quantify, 

thus we developed a novel procedure that allows extraction and quantification of 

the esters with more than 90 percent accuracy. Interestingly, we found that all-

trans-retinyl ester levels were significantly lower in Mertk–/– relative to WT mice 

(Figure 2.10b). However, there was no difference in levels of the chromophore 
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11-cis-retinal, likely reflecting the absence of retinal degeneration at this 

time point (Figure 2.10c). Retinyl esters are a form of stored vitamin A; 

esterification to fatty acids prevents their release in to the serum and extracellular 

space [273,274]. Diminished retinyl ester levels in Mertk–/– mice prior to the loss 

of photoreceptors suggest that Mertk influences processes beyond phagocytosis, 

possibly by directly affecting the visual cycle enzymes or by altering the RPE 

metabolic profile in a manner that would decrease the availability of fatty acids for 

esterification. Interestingly, expression of the Bai1Tg did not elevate retinyl ester 

levels in Mertk–/– mice (Figure 2.10b).  
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Figure 2.10: Mertk–/– mice have reduced retinyl ester 

accumulation 

(a) Schematic of the visual (retinoid) cycle that occurs in RPE (pink) and POS 

(gray).  

(b) P20-P21 mice were dark adapted overnight and HPLC analysis was 

performed to quantify all-trans-retinyl esters and  

(c) 11-cis-retinal. Individual points within bars are the average value for both 

eyes from one mouse. Statistical analysis was performed by one-way ANOVA. 

Multiple comparisons were corrected with a post-hoc Tukey’s test. ** p<0.01. 

  



   

 

94 

   

a 

0

5

10

15
**

**

Mertk	 +/+ +/+ -/- -/- 
Bai1Tg	 + + - - 

al
l-t

ra
ns

 r
et

in
yl

 e
st

er
s 

(p
m

ol
 / 

ey
e)

 
0

200

400

600

Mertk	 +/+ +/+ -/- -/- 
Bai1Tg	 + + - - 

11
-c

is
 r

et
in

al
 

(p
m

ol
 / 

ey
e)

 

b 

c 

Figure 2.10 

All-trans retinyl  
esters 

11-cis retinol 

all-trans  
retinol 

all-trans retinal/  
rhod. 

11-cis retinal 

11-cis retinal / 
rhod. 

all-trans retinol 
RPE 

photoreceptor 

all-trans retinyl esters 

11-cis retinal 



   

 

95 

2.4.6 Mertk regulates the gene expression program in the RPE 

One of the first characterizations of Mertk–/– mice revealed that visual 

abnormalities measured by electroretinogram recordings manifest as early as 

P20 [189]. Deficits in phototransduction are due to impairments in generating and 

relaying the electrical response to light. The RPE contributes to 

phototransduction by regenerating the chromophore 11-cis-retinal, as the 

response to a photo-stimulus is initiated when the chromophore 11-cis-retinal is 

converted to all-trans-retinal, activating the visual pigmented rhodopsin [275]. As 

11-cis-retinal levels were unaffected as late as P21 (when Mertk–/– mice are 

already reported to have deficits in phototransduction) we considered that MerTK 

might affect additional processes that could influence photoreceptor function. 

To further explore how MerTK can influence RPE function, we chose an 

unbiased transcriptomics approach and performed RNAseq analysis of Mertk+/+ 

and Mertk–/– RPE. The RPE was isolated at 14 days-of-age; at this time, mouse 

pups have opened their eyes but Mertk–/– mice do not yet exhibit photoreceptor 

overgrowth that could impact RPE gene expression [189,192].  

Our RNAseq analysis identified 60 genes that were differentially regulated 

in Mertk–/– RPE (Figure 2.11a). Further analysis of this RNAseq dataset revealed 

11 genes that have annotated functions related to either cytoskeletal 

rearrangement or endosomal maturation, two processes that are essential for 

phagocytosis (Figure 2.11b). The gene fibulin 7 (Fbln7), important for 

extracellular matrix adhesion and cytoskeletal rearrangement [276-278], has a 
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SNP associated with age-related macular degeneration and its 

expression is altered in patients with retinoschisis, a form of inherited retinal 

dystrophy [279,280]. qRT-PCR validation of the original library and an additional 

cohort of Mertk+/+ and Mertk–/– mice confirmed that Fbln7 is upregulated in  

Mertk–/– RPE (Figure 2.11c). We also selected the chloride channel anoctamin 1 

(Ano1) and the bicarbonate transporter Slc4a4 for further validation. Phagosome 

maturation culminates in acidification, which promotes the breakdown of the 

phagosome content [281]. Chloride flux across the lysosome membrane 

regulates lysosome acidification [282,283]. Although Ano1 has yet to be 

implicated in the chloride flux across lysosomal membranes, it is a well-

established calcium-activated chloride transporter [284] and RPE phagocytosis is 

accompanied by substantial calcium accumulation in the RPE [285]. Slc4a4 is a 

bicarbonate transporter that is thought to regulate intracellular pH by electrogenic 

flux of H+ and HCO3 [286]. Interestingly, it has been proposed that these ion 

transporters work together in certain cellular processes [287]. We validated that 

Slc4a4 and Ano1 were reproducibly downregulated in both the original RPE 

samples as well as in an additional cohort of RPE (Figure 2.11d). These data 

suggest that MerTK can regulate the expression of various components of the 

phagocytic machinery. 

Besides identifying a subset of genes with functions linked to 

phagocytosis, we identified an additional 11 genes related to cell metabolism 

(Figure 2.11b). Phagocytosis is a metabolically demanding process for the 
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phagocyte that requires significant ATP generation to mediate 

cytoskeletal rearrangement and digestion of cargo [288,289]. Though the genes 

we identified have yet to be directly linked to phagocytosis or phagocytic 

processes, we were intrigued by the sheer number of genes that were 

differentially regulated. We elected to further validate the fatty acid elongase, 

Elovl and the acetyl CoA synthetase, Acss2. Indeed, the changes in Elovl1 and 

Acss2 were reproducible, in both the original library and a fresh cohort of Mertk+/+ 

and Mertk–/– mice (Figure 2.11e). Interestingly, these changes might be reflected 

in the decreased retinyl ester accumulation in Mertk–/– RPE (Figure 2.10b). 

Overall, these data suggest that MerTK coordinates the phagocytic process at 

multiple levels from PtdSer binding to cytoskeletal reorganization and 

phagosome maturation, as well as coordinating metabolic changes that 

phagocytosis (and potentially the visual cycle) may require.  

In addition to annotating the biochemical function of the genes identified in 

our RNAseq screen, we further assessed whether any were linked to retinal 

disease. Indeed, 9 genes identified in our RNAseq screen were linked to human 

retinal disease (Table 2.1). Five of these genes were also annotated under our 

metabolic subset (marked with * in table) and three were annotated in our 

phagocytosis subset (marked with # in table) (Figure 2.11b, Table 2.1). 

Two genes, Gja1 and Cyp27a1 have a striking monogenic association 

with oculodentodigital dysplasia and cerebrotendinous xanthomatosis 

respectively, both of which are associated with retinal abnormalities [290,291]. 
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We also identified three genes with SNP associations to retinal disease: 

Ldlrad3, Fads2, and Fbln7 (Table 2.1). Five of the genes we annotated as being 

linked to retinal disease, were identified in the comparative toxicogenomics 

database, which infers gene-disease associations by examining curated 

associations between pharmacological agents, known diseases and the gene of 

interest [292,293]. These associations were further validated by experimental 

links to retinal disease or RPE function. Notably, Slc4a4 has also been linked to 

retinitis pigmentosa (RP) type 17 and Elovl1 is an endogenous inhibitor of the 

visual cycle enzyme RPE65, defects in which cause RP type 20 [173,294,295]. 

Overall, our findings suggest that the loss of MerTK (or possibly the resulting 

defect in phagocytosis) perturbs a multitude of genes, which might disrupt 

additional RPE functions.  
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Figure 2.11: MerTK regulates multiple genes linked to 

phagocytosis and metabolism 

(a) RNAseq was performed on RPE isolated from P14 Mertk+/+ (n=4) and Mertk–/– 

(n=4) mice 2 h after light-onset. DEseq2 analysis identified 60 genes that were 

differentially expressed according to p values adjusted for multiple comparisons. 

The log2 fold change and –Log10padj values are plotted for all hits. Green dots 

represent genes that had a padj value <0.05. Blue dots indicate genes with a 

padj <0.05 and log2 fold change >0.5.  

(b) Further annotation of the differentially regulated genes revealed 11 linked to 

pathways important in phagocytosis and 11 linked to metabolic pathways. These 

genes and their expression changes are depicted in heat maps. Functional 

associations with regard to phagocytosis are indicated on the left. 

(c) Genes related to cytoskeletal reorganization (graphs in green),  

(d) genes related to phagosome maturation (graphs in yellow) and  

(e) genes related to metabolism (graphs in purple) were selected for further 

validation by qRT-PCR. Validation studies were done with fresh RPE samples 

from P14 Mertk+/+ (n=4) and Mertk–/– (n=4) and original library preparations. 

Significance was calculated by student’s T-test. *p<.05 
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Table 2.1: Genes dysregulated in Mertk–/– RPE with 

associations to retinal disease 

Gene Log2 
fold 

change 

Reported retinal 
disease association 

in humans 

Experimental evidence 

Ldlrad3* -1.08 SNP[296], 
inferred[292,293] 

Intronic SNP associated with pathological myopia, a 
disease associated with degeneration of several eye 
structures including RPE[297-299] 

Gja1 -0.54 

Monogenic[291,300]
, inferred[292,293] 

Mutations in Gja1 have a monogenic association with 
oculodentodigital dysplasia, which has multiple 
manifestations including retinal dysplasia[291]. Gja1 
is also critical in RPE differentiation and 
communication between RPE cells[301,302]. 

Cyp27a1* -0.48 

Monogenic[290], 
inferred[292,293] 

Mutations in Cyp27a1 have a monogenic association 
with cerebrotendinous xanthamatosis, which is 
associated with premature retinal 
senescence[290,303]. Mice with mutations in 
Cyp27a1 exhibit abnormal retinal vascularization and 
cholesterol deposits in the RPE[304,305]. 

Slc4a4# -0.48 
inferred[292-
294,306] 

Retinitis pigmentosa 17 (RP17) is characterized by 
mutations in Ca4[307,308]. Some variants of RP17 
have Ca4 mutations that prevent interaction and 
activation of Slc4a4[294]. 

Cat# -0.48 
inferred[100,306,309
,310] 

Increased expression of Cat in RPE prevents 
oxidative damage to photoreceptors[310]. Age-
related macular degeneration (AMD) is associated 
with decreased catalase activity in RPE[309]. 

Fads2* -0.36 
SNP[311],inferred 
[292,293] 

SNPs in intronic and regulatory regions of Fads2 
have been linked to AMD[311]. Fads2-/- mice exhibit 
structural changes in interphase between RPE and 
photoreceptors[312]. 

Igfbp5* -0.36 inferred[292,293] Altered Igfbp5 expression is associated with 
myofibroblastic changes in RPE[313]. 

Elovl1* 0.45 
inferred[292,293] 

ELOVL1 is an endogenous inhibitor of the visual 
cycle enzyme, RPE65[295]. Mutations in Rpe65 
cause retinitis pigmentosa[173]. 

Fbln7# 0.82 SNP [279],inferred 
[292,293] 

Intronic SNP associated with reduced severity of 
AMD[279]. 
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2.5 Discussion 

Phagocytes express multiple PtdSer receptors and it has been unclear 

whether these receptors are functionally redundant or if they have tissue and 

context specific functions. In an attempt to determine if PtdSer receptors are 

functionally unique, we asked if PtdSer receptors are capable of compensating 

for one another in specialized phagocytes in vivo. Our analysis of the Mertk–/–

Bai1Tg mice led to two major findings. First, Bai1Tg expression does in fact rescue 

phagocytic deficits in Mertk–/– Sertoli cells. Second, Bai1Tg expression was not 

able to preventing retinal degeneration or rescue phagocytic deficits in the  

Mertk–/– RPE. These findings provide the first evidence for functional 

compensation between two different PtdSer phagocytosis receptors from two 

distinct receptor families: The GPCR BAI1 and the receptor tyrosine kinase 

MerTK. Our results also suggest that the role of a given PtdSer receptor in cell 

clearance may differ depending on the tissue context. Overall, this indicates that 

PtdSer receptors are not fully interchangeable, which could, in part, explain why 

phagocytes express a variety of PtdSer receptors on their cell surface. It also 

suggests expression of MerTK is non-redundant in the eye/retina.  

To understand why MerTK might be uniquely essential for RPE 

phagocytosis, we performed RNAseq on Mertk–/– and Mertk+/+ RPE and identified 

60 genes that were differentially expressed in Mertk–/– RPE cells. From those 

genes, three critical subsets were dysregulated: genes linked to retinal disease, 

phagocytosis, and metabolism. Genes linked to human retinal disease have 
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associations that are either monogenic, SNP, or inferred based on 

curated experimental and pharmacological data. Interestingly, 8 of the 9 genes 

associated with retinal disease were linked to either metabolic or phagocytic 

functions. We selected some genes for further validation and indeed, we found 

that the expression of these genes (Fbln7, Slc4a4, Ano1, Acss2, and Elovl1) was 

reproducibly altered.  In addition to the genes discussed above, we also 

observed that Tyro3 was downregulated in Mertk–/– mice relative to Mertk+/+. 

However, this difference in Tyro3 expression was previously ascribed to a cis-

enhancer element in Tyro3 that co-segregates with the Mertk–/– allele [92,192].   

Based on our findings, we propose that MerTK is uniquely important for 

RPE engulfment as it not only mediates PtdSer binding, but also regulates 

transcription of multiple genes implicated in phagocytosis, metabolism and retinal 

disease. These perturbations could explain why Mertk–/– mice exhibit visual 

defects (as measured by electroretinogram recordings) at P20, an age when 

defects in the 11-cis-retinal chromophore have yet to manifest [189]. 

Furthermore, the observed transcriptional changes may help to explain the 

decreased retinyl ester accumulation in Mertk–/– mice. Our data not only revealed 

significant changes in metabolic genes that could perturb the availability of fatty 

acids for esterification, but expression of the visual cycle enzyme lecithin retinol 

acyltransferase (which generates retinyl esters) was lower (but not significantly 

so) in Mertk–/– mice (data not shown).      
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The finding that Bai1 overexpression can reduce apoptotic 

corpse clearance in the testes is intriguing. Though RPE phagocytosis of POS is 

PtdSer dependent, it is not ‘traditional apoptotic corpse clearance’ and could 

instead be analogous to the cell pruning observed in the nervous system. It is 

possible that the mechanism of action of BAI1 in phagocytosis is not conducive 

to pruning-type events, but rather that BAI1 is more suited for larger corpse 

uptake. Alternatively, BAI1-mediated phagocytosis could require an as-of-yet 

unidentified co-factor that RPE cells do not express. This might explain why the 

Bai1Tg can enhance phagocytosis in Mertk–/– Sertoli cells, where it is known to 

function endogenously [86,136]. 

Overall, this work suggests that the variety of PtdSer receptors did not 

evolve as a simple redundancy mechanism. Rather, these receptors likely play 

unique roles beyond PtdSer recognition, including the regulation of genes crucial 

to the process of phagocytosis and biological processes essential for general 

homeostasis and even specialized tissue functions. Overall, this suggests that 

PtdSer receptors should not be regarded as having homogenous functionality. 

Further research into the downstream functions of PtdSer receptors is critical to 

understanding how the phagocytic process is coordinated in different tissues and 

contexts.  
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Chapter III 

Ex vivo modulation of the FoxO1 phosphorylation state does not 

lead to dysfunction of T regulatory cells 

This work has been published in PLoS ONE: Kristen Kelley Penberthy, Monica 

Weaver Buckley, Sanja Arandjelovic, Kodi S Ravichandran. Ex vivo modulation 

of the FoxO1 phosphorylation state does not lead to dysfunction of T regulatory 

cells. 2017 PLoS ONE. 12(3) e0173386. 

3.1 Summary 

Peripheral regulatory CD4+ T cells (Treg cells) prevent maladaptive 

inflammatory responses to innocuous foreign antigens. Treg cell dysfunction has 

been linked to many inflammatory diseases, including allergic airway 

inflammation. Glucocorticoids that are used to treat allergic airway inflammation 

and asthma are thought to work in part by promoting Treg cell differentiation; 

patients who are refractory to these drugs have defective induction of anti-

inflammatory Treg cells.  Previous observations suggest that Treg cells deficient 

in the transcription factor FoxO1 are pro-inflammatory, and that FoxO1 activity is 

regulated by its phosphorylation status and nuclear localization. Here, we asked 

whether altering the phosphorylation state of FoxO1 through modulation of a 

regulatory phosphatase might affect Treg cell function. In a mouse model of 

house dust mite-induced allergic airway inflammation, we observed robust 

recruitment of Treg cells to the lungs and lymph nodes of diseased mice, without 

an apparent increase in the Treg cytokine interleukin-10 in the airways. 



   

 

107 

Intriguingly, expression of PP2A, a serine/threonine phosphatase 

linked to the regulation of FoxO1 phosphorylation, was decreased in the 

mediastinal lymph nodes of HDM-treated mice, mirroring the decreased PP2A 

expression seen in peripheral blood monocytes of glucocorticoid-resistant 

asthmatic patients. When we asked whether modulation of PP2A activity alters 

Treg cell function via treatment with the PP2A inhibitor okadaic acid, we 

observed increased phosphorylation of FoxO1 and decreased nuclear 

localization. However, dysregulation of FoxO1 did not impair Treg cell 

differentiation ex vivo or cause Treg cells to adopt a pro-inflammatory phenotype. 

Moreover, inhibition of PP2A activity did not affect the suppressive function of 

Treg cells ex vivo. Collectively, these data suggest that modulation of the 

phosphorylation state of FoxO1 via PP2A inhibition does not modify Treg cell 

function ex vivo. Our data also highlight the caveat in using ex vivo assays of 

Treg cell differentiation and function, in that while these assays are useful, they 

may not fully recapitulate Treg cell phenotypes that are observed in vivo. 
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3.2 Introduction 

Allergic airway inflammation is the result of maladaptive immune 

responses to generally innocuous foreign antigens or allergens [314-316]. One 

possible explanation for the development of this maladaptive inflammatory 

response is the functional insufficiency of the regulatory T cell (Treg) 

compartment [215,247,317-319]. Current evidences in the literature suggest that 

this functional insufficiency likely results from both decreased Treg cell numbers 

and Treg cell dysfunction [318-322]. 

Treg cells are a population of CD4+ T cells that are typically characterized 

by their expression of the transcription factor FoxP3 [323,324]. In the context of 

allergic airway inflammation, Treg cells are thought to suppress airway 

inflammation to allergens by suppressing dendritic cell activation and by 

producing the anti-inflammatory cytokine interleukin-10 (IL-10) [207,325]. The 

hypothesis that asthmatic patients have a dysfunctional Treg cell compartment is 

supported by the finding that the airways of patients with allergic airway 

inflammation have decreased IL-10 [256,326]. Furthermore, glucocorticoids, a 

well-established treatment for allergy, are thought to work in part by promoting 

Treg cell differentiation, thereby suppressing the inappropriate inflammatory 

response to allergens [255]. 

While there are multiple reports of Treg cell dysfunction in patients with 

allergy and asthma, how Treg cells become dysregulated in this setting is less 

well understood [215,256,318,319].  In recent years, a substantial body of work 
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has emerged that indicates the transcription factor FoxO1 is crucial for 

both peripheral and thymic Treg cell differentiation and function. These studies 

utilized Treg and CD4+ T cell specific deletion of FoxO1 to demonstrate that the 

absence of FoxO1 impairs Treg cell differentiation and that Treg cells deficient in 

FoxO1 (FoxO1 was deleted after Treg cell differentiation) are pro-inflammatory 

and produce interferon γ (IFNγ) [217,218,222,223]. While these studies utilize 

elegant genetic models of gene deletion, it is possible for FoxO1 activity to 

become acutely dysregulated as FoxO1’s transcriptional activity is contingent on 

it being dephosphorylated [218,220,229]. Interestingly, the phosphatase PP2A 

has been shown to dephosphorylate FoxO1 in certain cell types, and patients 

with severe glucocorticoid-resistant asthma exhibit decreased expression of the 

serine-threonine phosphatase PP2A in their peripheral blood monocytes 

[229,234]. The significance of this finding is magnified by the observation that 

glucocorticoid-resistant asthmatics are also reported to have high levels of IFNγ 

in their airways (the same cytokine that is increased in FoxO1 deficient Treg 

cells) and defective induction of IL-10 producing Treg cells [256,327,328].  

The transcription factor FoxO1 is crucially involved in Treg cell 

development and function [217,218,329]. In the absence of FoxO1, the locus for 

another key Treg cell transcription factor, FoxP3, fails to open, thereby 

preventing Treg cell differentiation [223,330,331]. Furthermore, FoxO1 

suppresses the production of pro-inflammatory mediators, including IFNγ 

[217,220]. Under homeostatic conditions in Treg cells, FoxO1 is 
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dephosphorylated and has an exposed nuclear localization sequence, 

which permits FoxO1 to carry out its transcriptional functions [229]. However, 

upon T cell receptor stimulation, FoxO1 is phosphorylated, which masks the 

nuclear localization sequence, resulting in its extrusion from the nucleus 

[218,229,332]. In Treg cells, rapid dephosphorylation of FoxO1 permits it to re-

enter the nucleus and resume its anti-inflammatory transcriptional program [218]. 

Treg cells that lack FoxO1 are pro-inflammatory, and mice with FoxO1-deficient 

Treg cells develop systemic autoimmune disease [218]. Similarly, mice with Treg 

cells lacking the alpha catalytic sub-unit of PP2A (PP2Acα) exhibit profound 

autoimmune disease [333].  

The notion that changes in PP2A expression might influence Treg cell 

function in allergic airway inflammation is intriguing. However, PP2A regulates 

diverse cellular pathways making analysis of the role of PP2A in complex 

biological systems challenging [232,334-336]. In an attempt to create an in vitro 

system to assess the role of phosphatases in Treg function, we tested the 

pharmacologic phosphatase inhibitor, okadaic acid. Indeed, okadaic acid caused 

an increase in FoxO1 phosphorylation and cytosolic sequestration in Treg cells 

and CD4+ T effector cells (Teff). However, okadaic acid did not cause Treg cells 

to produce IFNγ. Furthermore, okadaic acid treatment did not recapitulate the 

findings from the recent study that utilized an in vivo model of PP2A catalytic 

sub-unit deletion in Treg cells [333]. Specifically, okadaic acid treated Treg cells 

did not produce IL-17 nor did they demonstrate impaired suppression of CD4+ 
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effector proliferation.  Collectively, these data suggest that ex vivo 

treatment of Treg cells with okadaic acid and the resultant modulation of PP2A 

activity and FoxO1 phosphorylation are not sufficient to modulate the functional 

activity of Treg cells. These findings also suggest a caution for others attempting 

to utilize ex vivo assays to assesses the effects of altering PP2A activity / FoxO1 

phosphorylation status in Treg cells.   
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3.3 Experimental Procedures 

3.3.1 Ethics Statement 

All animal experiments conducted in this study were carried out in strict 

accordance with protocols approved by the University of Virginia Animal Care 

and Use Committee (Protocol number: 2992). All experiments followed the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health (OLAW/NIH, 2002) and followed the requirements of 

the Animal Welfare Act (Public Law 91-579). All efforts were made to minimize 

animal suffering including the use of anesthesia (isoflurane delivered at 5% for 

induction and 3% for maintenance in oxygen in a precision vaporizer) for the 

administration of house dust mite (HDM). Mice were monitored daily by vivarium 

staff and were euthanized at the experimental endpoint in a carbon dioxide 

chamber followed by confirmation via cervical dislocation. These methods are 

consistent with the recommendations of the Panel on Euthanasia and approved 

by the UVA Animal Care and Use Committee. 

3.3.2 Animals and primary cell culture 

  Mice used in airway inflammation studies were C57Bl/6J purchased from 

Jackson Laboratories. For primary CD4+ T cell cultures, total CD4+ T cells were 

isolated from the lymph nodes and spleens of either C57Bl6/J mice or FoxP3-

EGFP mice (Stock 016961 from Jackson Laboratories) by negative magnetic 

selection with the MACS CD4+ T cell isolation kit (Miltenyi). Cells were cultured in 

RPMI (Cell Gro) supplemented with 10% FBS, 1% PSQ, 1% non-essential amino 
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acids, 1% Sodium Pyruvate, and 10mM HEPES (Gibco). For long-term 

assays, cell culture plates were coated with antibodies to CD3 and CD28 

(eBiosciences - clones 17A2 and 37.51, respectively) to promote activation and 

proliferation. Short-term stimulation assays were performed using soluble CD3 

and CD28, cross-linked with anti-hamster IgG (Jackson Immunolabs, 107-005-

142). Cultures were treated with calyculin A (Calbiochem), okadaic acid (Sigma) 

or LB100 (Selleckchem). 

3.3.3 Mouse model of allergic airway inflammation 

House dust mite extract was purchased from Greer laboratories 

(XPB82D3A2.5) and reconstituted in PBS such that the DerP1 concentration was 

0.87 mg/mL. Mice were anesthetized by isoflurane and 17.4 µg of DerP1 was 

administered intranasally in a 50 µL volume on days 0, 2, and 4 for antigen 

priming. HDM was again administered on days 10, 12 and 14 as an antigen 

challenge. 50µL of PBS was administered to control mice at all time points. On 

day 15, mice were euthanized and the severity of airway inflammation was 

analyzed. Bronchoalveolar spaces were lavaged with 1 mL of PBS for analysis of 

T cell infiltration (T effectors: CD4+CD25+FoxP3–, T regulatory cells: 

CD4+CD25+FoxP3+) and eosinophilia (CD45+Siglec F+CD11b+CD11c–). The 

following antibodies were used at a dilution of 1:100 for flow cytometric analysis: 

CD4 (eBioscience GK1.5), CD25 (eBioscience PC61.5), FoxP3 (eBioscience 

FJK-16s), CD45 (eBioscience RA3-6B2), Siglec F (BD E50-2440), CD11b 

(M1/70 eBioscience), CD11c (eBioscience N148). Right lung lobes were 
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analyzed by histology and left lung lobes were analyzed by flow 

cytometry to assess tissue infiltrate. Mediastinal lymph nodes were collected and 

analyzed by flow cytometry and RT-PCR. Cell populations were quantified by 

flow cytometry via Spherotech counting beads (Spherotech ACBP-50-10).    

3.3.4 qRT-PCR  

RNA was isolated with the RNeasy RNA isolation kit (Qiagen) and cDNA 

was prepared using the Quantitect kit (Qiagen). Expression of the PP2A catalytic 

subunit was assessed by RT-PCR with a Taqman probe (Mm00479816_m1, 

Thermo Fisher). HPRT probe (Mm00446968_m1, Thermo Fisher) was used to 

assess housekeeping gene expression for normalization. 

3.3.5 Flow cytometry  

Single cell suspensions were generated from tissue by passing through a 

70µm cell strainer (lungs were first digested and minced in 0.6 mg/mL type-2 

collagenase (Worthington Biochemical) for 1 hour at 37° C to promote tissue 

breakdown). Cell suspensions were incubated with anti-CD16/32 antibodies 

(1:200 dilution; eBioscience clone 93) to block Fc interactions. Subsequent 

extracellular antibody labeling was performed on ice in PBS supplemented with 

0.5% BSA (Roche). Viability staining was performed with 7-AAD (1:1000 dilution; 

BD Bioscience) for live-cell analysis, or an amine reactive fixable viability dye 

(1:1000 dilution; FVD eFluor780 eBioscience) when cells were to be fixed and 

permeabilized. For intracellular labeling, cells were fixed and permeabilized with 

either the FoxP3 fixation buffer kit or IC fixation buffer kit from eBioscience, 
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according to manufacturer recommendations. Intracellular antibody 

labeling was performed for 30 minutes on ice in permeabilization buffer 

(eBioscience). All flow cytometry was performed on BD FACS Canto I and Canto 

II. Flow cytometric data was analyzed in Flow Jo software version 887 (FlowJo 

LLC). 

3.3.6 Protein isolation and Immunoblotting  

Whole cell lysates were prepared in RIPA buffer supplemented with a 

protease inhibitor cocktail (Calbiochem), 10mM NaF and 1mM NaVO3 (Sigma). 

Nuclear and cytoplasmic extraction was performed with the NE-Per kit (Pierce). 

Lysates were analyzed by SDS-PAGE and immunoblotting. Antibody binding was 

detected by chemiluminescence on either film or a ChemiDoc Touch (Bio-Rad). 

Immunoblot band density analysis and normalization was performed using 

ImageJ for analysis of film or Image Lab (Bio-Rad) for analysis of ChemiDoc 

Touch images. The following primary antibodies were purchased from Cell 

Signaling Technologies and used at 1:1000 dilutions unless otherwise indicated: 

phospho-FoxO1 (Thr24) (#9464), FoxO1 (clone C29H4 - #2880), HDAC1 

(#2062), phospho-Akt (ser473) (#4060S) Akt (1:2000; #9272).  The antibody to β-

actin was purchased from Sigma and used at 1:50,000 (clone AC-15, #A3854).  

3.3.7 Phosphatase assay  

Total CD4+ T cells were stimulated with 5µg/mL anti-CD3 and 1µg/mL 

anti-CD28 for 10 minutes to elicit FoxO1 phosphorylation. CD4+ T cells were 

lysed in IP buffer (50mM Tris pH 7.6, 150mM NaCl, 1% Triton X-100, protease 
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inhibitor cocktail (Calbiochem), 10mM NaF, 1mM NaVO3) and 

incubated with anti-FoxO1 (clone C29H4 - #2880). Antibody bound FoxO1 was 

immunoprecipitated with Protein A conjugated sepharose beads. Beads were 

washed in the IP buffer without NaF and NaVO3 to ensure irreversible 

phosphatase inhibitors would not inhibit the subsequent phosphatase reaction. 

Beads were then re-suspended in phosphatase assay buffer (50mM MOPS pH 

7.5, 100mM NaCl, 10mM MgSO4, 1mM MnCl2, 1mM DTT, 1mM EDTA, 0.1% β 

mercaptoethanol, protease inhibitor cocktail (Calbiochem)) with purified PP2A +/- 

100 nM okadaic acid. Purified (tested and validated) PP2A was generously 

provided by Dr. David Brautigan at the University of Virginia [337]. Phosphatase 

reactions were incubated for 1 hour at 30°C. Following incubation, beads were 

re-suspended in Laemmli buffer and boiled. Laemmli buffer was then loaded on 

an SDS-PAGE gel for immunoblot analysis.    

3.3.8 T cell proliferation and suppression assays  

Total CD4+ T cells were isolated from lymph nodes and spleens of naïve 

mice by negative magnetic selection. The positive fraction from the spleen was 

treated with mitomycin C (Sigma) to inhibit proliferation and used as antigen 

presenting cells. Treg cells were further isolated from the total CD4+ T cell 

population by positive selection for CD25 expression. CD4+ Teff cells constituted 

the negative fraction of this CD25 selection. Teff cells were labeled with 5µM Cell 

Trace Violet  (Thermo Fisher). APCs and Teff cells were co-cultured at a 1:1 ratio 

with 0.15 µg/mL soluble anti-CD3 (eBiosciences 17A2) to elicit proliferation. For 
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suppression assays, Treg cells were added at the indicated ratios 

(Treg : Teff). Proliferation of Teff cells was analyzed by dye dilution on a BD 

Canto II flow cytometer after 96 hours of culture.  

3.3.9 T regulatory cell differentiation  

Total CD4+ T cells were isolated from lymph nodes of FoxP3 EGFP mice 

and cultured ex vivo in media supplemented with 20 nM retinoic acid (sigma), 5 

or 10 ng/mL TGFβ (R&D systems) and recombinant IL-2 (R&D systems) at either 

100 or 250U/mL. When assessing the effects of okadaic acid on Treg cell 

differentiation, the lower concentrations of TGFβ and IL-2 were used. The higher 

concentrations of TGFβ and IL-2 were used to generate maximum numbers of 

Tregs. Cells were plated on dishes coated with anti-CD3 and anti-CD28 (clones 

17A2 and 37.51 respectively; eBiosciences). Cultures were incubated for 72 

hours and flow cytometry was used to assess FoxP3 induction and CD25 

expression. To assess cytokine production, GolgiPlug (BD Biosciences) was 

added to the culture for 5 hours prior to staining for IFNγ (clone XMG1.2; 

eBioscience) and IL-17 staining (clone TC11-18H10; BD). 
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3.4 Results  

3.4.1 Allergen-induced airway inflammation increases local Treg cell 

populations  

Patients with severe, glucocorticoid-resistant allergic asthma are reported 

to have a dysfunctional Treg cell compartment [256,318]. Treg cell dysfunction is 

thought to underlie the defective tolerogenic response that leads to the 

development of allergy [338]. To test potential Treg cell dysfunction, we used a 

murine model of severe allergic airway inflammation. In this model, the common 

allergen house dust mite (HDM) is delivered to mice intranasally, which mimics 

the typical route of exposure to airborne allergens. We treated mice with three 

intranasal administrations of HDM on days 0, 2 and 4 to prime the immune 

system and subsequently challenged the mice intranasally with HDM on days 10, 

12 and 14 (Figure 3.1a). The inflammatory response was assessed on day 15.  

We initially assessed whether this model caused severe airway disease 

and whether Treg cells were recruited to the site of inflammation. HDM-treated 

mice exhibited classic signs of allergic airway inflammation. First, hematoxylin 

and eosin (H&E) staining of lung sections revealed marked cellular infiltration 

around the airways of HDM-treated mice (indicated with black asterisks) 

compared to mice that received the saline (PBS) vehicle control (Figure 3.1b, left 

panels). Second, Periodic acid-Schiff (PAS) stain, which detects mucus 

production, showed dramatically increased mucus production (marked by black 

arrowheads) in HDM-treated mice relative to PBS-treated controls (Figure 3.1b, 
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right panels). Additionally, analysis of bronchoalveolar lavage (BAL) 

fluid showed severe eosinophilia in HDM-treated animals relative to PBS-treated 

controls (Figure 3.1c).  

Analysis of CD4+ T cell populations of lungs from HDM-treated mice 

showed a significant increase in the number of Teff cells (CD4+CD25+FoxP3–) 

and Treg cells (CD4+CD25+FoxP3+), compared to PBS controls (Figure 3.1d). It 

should be noted that the ratio of Treg cells to Teff cells trended toward a 

decrease in HDM-treated mice relative to PBS controls (Figure 3.1d). We 

performed a similar analysis of CD4+ T cell populations in the lung-draining, 

mediastinal lymph nodes (MLN), and observed a similar trend with more Teff 

cells and Treg cells in HDM-treated mice (Figure 3.1e). Additionally, the ratio of 

Treg cells to Teff cells was significantly decreased in the MLN of HDM-treated 

mice (Figure 3.1e). These data confirmed that this model of airway inflammation 

recapitulated key characteristics of allergic airway inflammation. 

3.4.2 Mice with HDM-induced inflammation do not exhibit increased IL-10  

Treg cells are major producers of IL-10, and IL-10 levels inversely 

correlate with airway inflammation [322,326,339,340]. Since Treg populations in 

the lung increased with HDM-induced airway inflammation, we asked whether IL-

10 levels in the BAL fluid had a concomitant increase. HDM-treated mice did not 

exhibit increased IL-10 levels in their BAL fluid, despite the increase in Treg 

numbers (Figure 3.1f). This suggested a potential Treg dysfunction in this airway 

inflammation model, which we further explored, as detailed below.  
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3.4.3 Mediastinal lymph nodes from mice with allergic airway 

inflammation have decreased expression of the phosphatase PP2A 

FoxO1 transcriptional activity is tightly regulated by a series of 

phosphorylation and dephosphorylation reactions [341,342]. In a resting CD4+ T 

cell, FoxO1 exists in a dephosphorylated state and localizes to the nucleus [218]. 

However, upon T cell receptor (TCR) stimulation, Akt phosphorylates FoxO1, 

which masks a nuclear localization sequence leading to cytosolic sequestration 

(Figure 3.1g) [218,224,314-316]. FoxO1 transcriptional activity is critical to 

proper Treg anti-inflammatory function, with Treg cells rapidly dephosphorylating 

FoxO1 to maintain their suppressive activity. Treg cells that lack FoxO1 

upregulate expression of the pro-inflammatory cytokine interferon γ (IFNγ), the 

production of which is linked to severe, glucocorticoid-resistant asthma in 

humans [215,247,317-319,327,328]. We considered the possibility that FoxO1 

might be dysregulated under conditions of allergic airway inflammation, thereby 

rendering Treg cells pro-inflammatory.  

While the mediator of FoxO1 dephosphorylation in Treg cells was 

previously unexplored, PP2A has been shown to dephosphorylate FoxO1 in the 

hematopoietic cell line FL5.12 [229,318-322]. Since PP2A expression is down 

regulated in the peripheral blood monocytes of patients with severe, 

glucocorticoid-resistant asthma [234,323,324], the same group reported to have 

increased IFNγ production, we hypothesized that decreased PP2A expression 

might promote dysregulation of FoxO1, subsequently causing aberrant IFNγ 
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production in Tregs cells and potentially greater overall dysfunction. 

Expression of the PP2A catalytic sub-unit α (PP2Acα) was decreased in the MLN 

of HDM-treated mice (Figure 3.1h) [207,234,325]. This prompted us to explore 

whether alterations in PP2A activity in Treg cells might perturb FoxO1 activity 

and thereby Treg cell function. 
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Figure 3.1 HDM potently induces allergic airway 

inflammation despite significant T regulatory cell recruitment  

(a) Allergic airway inflammation was induced with three separate priming and 

challenge doses of house dust mite (HDM) over 14 days. Disease severity was 

assessed at day 15.  

(b) Histological assessment of inflammation in lung sections of representative 

HDM-treated and PBS-treated mice. * in H&E images indicates inflammatory 

infiltrate and arrowheads in PAS images indicate mucus.  

(c) Eosinophils were quantified in the bronchoalveolar lavage (BAL) by flow 

cytometry (CD45+Cd11b+SiglecF+CD11c-). Treg (CD4+CD25+FoxP3+) Teff 

(CD4+CD25+FoxP3-) populations in the lung parenchyma  

(d) and mediastinal lymph nodes (MLN)  

(e) were quantified by flow cytometry.  

(f) IL-10 concentration in BAL was quantified by ELISA.  

(g) Schematic of PP2A-FoxO1 axis.  

(h) PP2Acα sub-unit transcript levels were measured by RT-PCR. Transcript 

levels in HDM-treated mice were normalized to PBS-treated controls. Numbers in 

the bars of c, d, e, f and h represent the number of animals analyzed. 

Significance in all panels was determined by two-tailed students’ T-test: *<0.05; 

**<0.01; ****<0.0001. 
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3.4.4 Phosphatase inhibitors increase FoxO1 phosphorylation 

and nuclear localization in total CD4+ Cells 

Following TCR activation, FoxO1 is rapidly phosphorylated and extruded 

from the nucleus. To assess whether phosphatase inhibition would influence the 

kinetics and extent of FoxO1 phosphorylation following TCR stimulation, we 

utilized the pharmacologic inhibitor calyculin A, a fast-acting, broad phosphatase 

inhibitor [256,326,343]. Indeed, treatment of total CD4+ T cells with calyculin A 

prior to TCR stimulation led to increased phosphorylation of FoxO1 (Figure. 3.2a 

and 3.2b). Calyculin A treatment also led to an apparent increase in the 

molecular weight of FoxO1 and decreased FoxO1 expression. This appeared to 

result from calyculin A-dependent ubiquitylation and proteasomal degradation of 

FoxO1, as the decrease in FoxO1 expression, but not the apparent size change, 

was abrogated by proteasomal inhibition with lactacystin (Figure 3.2c). 

Calyculin A has the benefit of rapid activity in culture however, it exhibits 

near-equal activity against PP1 and PP2A [255,343]. Therefore, we tested the 

phosphatase inhibitor okadaic acid, as this exhibits greater preference for PP2A 

than for PP1 (IC50 for PP2A 0.1-0.3 nM, IC50 for PP1 15-50 nM) 

[215,256,318,319,343]. Although okadaic acid can affect PP4, the expression of 

PP4 is lower than PP2A and PP1 in Treg cells [217,218,222,223,344].  Total 

CD4+ T cells were isolated from the lymph nodes of naïve mice and treated ex 

vivo with increasing concentrations of okadaic acid for 48 hours (Figure 3.3a). 

We observed that concentrations of 10 and 25 nM were sufficient to induce Akt 
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and FoxO1 phosphorylation in total CD4+ T cells (Figure 3.3b). 

Furthermore, okadaic acid treatment of CD4+ T cells led to increased cytosolic 

localization of FoxO1 (Figure 3.3c). For future experiments, we elected to use 10 

nM okadaic acid as this concentration fell below the IC50 for PP1 (15-50 nM) and 

25 nM okadaic acid had some effects (albeit minimal) on cell viability after 48 

hours (Figure 3.3d).  

Since okadaic acid also increases Akt phosphorylation, it could be 

enhancing FoxO1 phosphorylation indirectly by enhancing Akt activity. To 

demonstrate that PP2A directly mediates the dephosphorylation of FoxO1, we 

assayed PP2A activity against purified FoxO1 in vitro. First, total CD4+ T cells 

were stimulated with anti-CD3 and anti-CD28 to increase FoxO1 

phosphorylation. These cells were subsequently lysed and FoxO1 was purified 

by immunoprecipitation. Immunoprecipitated FoxO1 was then treated with 

purified PP2A +/- 100nM okadaic acid. Treatment of FoxO1 with PP2A eliminated 

FoxO1 phosphorylation. This effect on phosphorylation was reversed by 

treatment with okadaic acid (Figure 3.3e). Collectively, these data suggest that 

phosphatase inhibition with okadaic acid promoted FoxO1 phosphorylation and 

subsequent cytosolic localization, likely through its effect on PP2A. 

Though okadaic acid at the concentration used predominantly inhibits 

PP2A, it has the potential for off-target effects. Therefore, we tested LB100, a 

second PP2A inhibitor. LB100 is a derivative of norcantharidin with high 

specificity for PP2A (IC50≈0.4µM) over PP1 (IC50≈80µM) [218,220,229,345]. To 
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test the effect of LB100 on FoxO1 phosphorylation, we treated total 

CD4+ T cells for 2 hours in the presence of 0, 0.25µM, or 2.5µM LB100. Following 

2 hours of treatment, we collected whole cell lysates and assayed FoxO1 

phosphorylation.  We observed a dose-dependent augmentation of FoxO1 

phosphorylation in the presence of LB100 (Figure 3.4). These data suggest that 

the changes in FoxO1 phosphorylation are not due to off-target effects of okadaic 

acid. 
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Figure 3.2: Calyculin A increases FoxO1 

phosphorylation and ubiquitylation  

(a) Total CD4+ T cells were isolated from the lymph nodes of mice by magnetic 

cell sorting and treated with calyculin A or DMSO (vehicle control) for 30 minutes 

prior to stimulation with soluble, cross-linked anti-CD3 and anti-CD28.  

(b) Cells were stimulated for the indicated amount of time and then lysed for 

analysis of FoxO1 phosphorylation at Thr24. Arrows point to higher molecular 

weight forms of FoxO1.  

(c) Following isolation, CD4+ T cells were treated with Calyculin A and/or the 

proteasomal inhibitor lactacystin. Data are representative of 2 independent 

experiments.  
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Figure 3.3: PP2A inhibition increases FoxO1 

phosphorylation and cytosolic localization in CD4+ T cells  

(a) Primary CD4+ T cells were negatively selected from the lymph nodes of 6-8 

week old mice by magnetic cell sorting.  CD4+ T cells were treated with the 

indicated dosages of okadaic acid for up to 48 hours in cultures supplemented 

with 1µg/mL anti-CD3.  

(b) Western blot analysis of FoxO1 phosphorylation at Thr24 and Akt at Ser 473.  

(c) Western blot analysis of FoxO1 localization in fractionated CD4 cells. Beta-

actin and HDAC were used as cytoplasmic and nuclear controls respectively.  

(d) Viability of CD4+ T cells in culture after 48 hours with the indicated 

concentrations of okadaic acid.   

(e) Western blot analysis of in vitro phosphatase assay. Immunoprecipitated 

FoxO1 was treated with PP2A +/- 100nM okadaic acid. b, c and d are 

representative data from 3 individual experiments; e is representative of 2 

experiments.  
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Figure 3.4: Phosphatase inhibitor LB100 enhances 

FoxO1 phosphorylation 

Primary CD4+ T cells were isolated from the lymph nodes of WT mice and serum 

starved for 2 hours in the presence of 0 µM, 0.25 µM and 2.5 µM LB100. After 2 

hours, whole cell lysates were collected and FoxO1 phosphorylation was 

analyzed by western blot. Data are representative of 3 independent experiments.   
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3.4.5 Okadaic acid promotes FoxO1 phosphorylation in Treg cells 

We then tested whether okadaic acid was capable of promoting FoxO1 

phosphorylation in Treg cells. Since the Treg cell population in a naïve mouse is 

approximately 10% of the total CD4+ T cell population, we differentiated Treg 

cells from naïve CD4+ T cells ex vivo to have enough cells for protein isolation 

and immunoblotting. Naïve CD4+ T cells were isolated from the lymph nodes of 

FoxP3-GFP mice and stimulated with anti-CD3 and anti-CD28 in the presence of 

TGFβ to elicit FoxP3 expression. As FoxO1 transcriptional activity is critical for 

the early induction of FoxP3, we waited 24 hours before adding okadaic acid or 

vehicle control (DMSO) to the culture (Figure 3.5a) [229,234,330]. After 72 hours 

of culture, we confirmed the induction of FoxP3 expression by assessing GFP 

signal. Furthermore, we determined that treatment with okadaic acid did not 

diminish FoxP3 induction as measured by GFP signal (Figure 3.5b). Analysis of 

the cell lysates from these Treg cells revealed that okadaic acid treated Treg 

cells had increased FoxO1 phosphorylation (Figure 3.5c) and increased 

cytosolic localization of FoxO1 (Figure 3.5d). These data suggest that okadaic 

acid promotes FoxO1 phosphorylation and causes its cytosolic sequestration in 

Treg cells.  
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Figure 3.5: Okadaic acid increases phosphorylation and 

cytosolic localization of FoxO1 in T regulatory cells  

(a) Primary CD4+ T cells were isolated by negative magnetic selection from the 

lymph nodes of FoxP3-GFP mice. Cells were cultured on plates coated with anti-

CD3 and anti-CD28 and treated with TGFβ to initiate Treg skewing. Okadaic acid 

was added after 24 hours in culture. After 72 hours in culture, cells were removed 

from TCR stimulus for 2 hours prior to protein isolation.  

(b) Treg differentiation was assessed at the end of the assay by GFP expression.  

(c) Representative western blot of FoxO1 phosphorylation at Thr24 in Treg cells. 

Data are representative of 3 independent experiments.  

(d) Representative western blot of FoxO1 in fractionated Treg cells. Beta actin 

and HDAC were used as cytosolic and nuclear controls respectively. Bar graph 

shows summary localization data from 3 experiments as measured by band 

density and normalized to cytosolic control. 
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3.4.6 Okadaic acid does not impair Treg differentiation ex vivo 

To test whether okadaic acid-induced changes in FoxO1 localization had 

downstream effects on Treg cell physiology, we chose to assess whether 

okadaic acid impaired Treg cell differentiation when added at the start of the 

skewing. Since FoxO1 transcriptional activity is essential for the induction of 

FoxP3 expression [223,256,327,328,330], we used assays of ex vivo Treg cell 

differentiation to assess whether okadaic acid impaired FoxP3 induction. Naïve 

CD4+ T cells were isolated from FoxP3-GFP mice and treated with either okadaic 

acid or vehicle in a Treg cell differentiation assay. In these assays, TGFβ, IL-2, 

TCR stimulus and okadaic acid were added concomitantly (Figure 3.6a). 

Interestingly, when we assessed GFP expression after 72 hours, we observed 

that okadaic acid did not impair FoxP3 induction (Figure 3.6b). Furthermore, 

okadaic acid did not affect CD25 expression on either the GFP positive (Treg 

cells) or GFP negative cells from the culture (Figure 3.6c).  

One possible explanation for the lack of an effect of okadaic acid on Treg 

cell differentiation is that okadaic acid requires 48 hours to achieve maximum 

enhancement of FoxO1 phosphorylation in culture (Figure 3.3b). Since FoxO1 is 

essential for opening the FoxP3 locus (but not maintaining its open state) 

[217,218,329,346], we hypothesized that pre-treatment of CD4+  T cells with 

okadaic acid may be necessary to observe okadaic acid-induced defects in Treg 

cell differentiation. Therefore, naïve CD4+ T cells from FoxP3-GFP mice were 

treated with okadaic acid and CD3 for 48 hours prior to the addition of TGFβ, IL-
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2, and CD28. Once the Treg skewing stimuli were applied, we 

assessed FoxP3 expression by measuring GFP signal (Figure 3.6d). Again, 

okadaic acid pre-treatment did not diminish FoxP3 induction (Figure 3.6e).  

These data indicate that okadaic acid does not influence Treg differentiation in 

vitro, despite increasing cytosolic localization of FoxO1.  
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Figure 3.6: Okadaic acid does not impair T regulatory 

cell differentiation in vitro  

(a) Naïve CD4 cells were isolated from the lymph nodes of FoxP3-GFP mice and 

differentiated in to Tregs for 72 hours.  

(b) GFP and  

(c) CD25 expression were assessed by flow cytometry after 72 hours of Treg 

skewing. Data were compiled from 3 independent experiments with a total n=6 

mice per group.  

(d) Primary CD4 cells were isolated from the lymph nodes of FoxP3 GFP mice 

and pre-treated with okadaic acid for 48 hours prior to Treg differentiation.  

(e) GFP expression was assessed by flow cytometry at 24, 48 and 72 hours after 

the initiation of skewing. Data were compiled from 3 independent experiments 

with n=6 mice per group. Statistical analysis of b and c was performed using a 

two-tailed students’ T-test – comparison of vehicle control and okadaic acid 

treated conditions: FoxP3 p=0.7; CD25 p=0.12. Statistical analysis of e was 

performed by 2-way ANOVA – p-interaction =0.19. 
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3.4.7 Okadaic acid does not affect the phenotype of Treg cells 

differentiated ex vivo 

Mice that lack FoxO1 in Treg cells (FoxP3-cre FoxO1fl/fl) mice exhibit 

severe autoimmune disease that is reminiscent of the disease found in FoxP3-

deficient scurfy mice [218,223,330,331,347]. However, the lack of FoxO1 does 

not affect the number of CD4+FoxP3+ cells in these animals. Instead, the Treg 

cells from these mice adopt a pro-inflammatory phenotype and produce the pro-

inflammatory cytokine IFNγ [217,218,220]. Therefore, we hypothesized that Treg 

cells differentiated in the presence of okadaic acid would exhibit increased IFNγ 

production. However, when we assessed IFNγ expression by flow cytometry we 

observed that okadaic acid did not cause IFNγ up regulation in Treg cells (Figure 

3.7a).  

It had also been reported that ‘graded’ changes in FoxO1 activity 

influenced lymph node homing signatures on Treg cells [220,229]. FoxO1 

promotes expression of the lymph node homing molecules CD62L and CCR7 

[218,219,229,332]. In Treg cells from mice that express increasing levels of 

constitutively active FoxO1, the expression of these lymph node homing 

molecules similarly increases [218,220]. Since okadaic acid treatment did not 

cause complete cytosolic localization of FoxO1 (Figure 3.5d), we hypothesized 

that we might only see effects associated with ‘graded’ changes in FoxO1 

localization. However, when we assessed CCR7 and CD62L expression on Treg 
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cells differentiated in the presence of okadaic acid, we did not observe 

changes in the expression of these molecules (Figure 3.7b). 

During the course of our studies, a study utilizing an elegant in vivo 

genetic deletion model for the assessment of PP2A function in Treg cells 

demonstrated that PP2A was essential for Treg cell function [218,333]. The 

researchers deleted the dominant catalytic sub-unit of PP2A in Treg cells 

(FoxP3-cre PP2Acαfl/fl) and observed that these Treg cells produced 

inflammatory cytokines, including IFNγ and IL-17. In light of these findings, we 

also evaluated IL-17 production in Treg cells that were differentiated in the 

presence of okadaic acid. Surprisingly, we observed that okadaic acid did not 

affect IL-17 production by Treg cells (Figure 3.7a). 
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Figure 3.7: Okadaic acid does not induce a pro-

inflammatory phenotype or affect lymph node homing 

signatures in Treg cells  

Primary CD4+ T cells were differentiated into Tregs in the presence of okadaic 

acid for 72 hours.  

(a) After differentiation, IFNγ and IL-17 production and  

(b) CCR7 and CD62L expression were measured by flow cytometry. Flow panels 

of cytokine expression are representative data from 3 independent experiments. 

Surface marker expression was compiled from 2 independent experiments with 

n=3 mice total. Data in b was analyzed by non-parametric students’ T-test: 

CD62L p=0.5; CCR7 p=0.77. 
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3.4.8 Okadaic acid treatment of Treg cells does not influence Treg 

suppression ex vivo 

Treg cells that lack the alpha catalytic sub-unit of PP2A have a decreased 

suppressive capacity [218,333]. Therefore, we assessed whether okadaic acid 

would influence the suppressive capacity of Treg cells ex vivo. We utilized a 

standard suppression assay in which co-cultured Treg cells and Teff cells were 

treated with okadaic acid (Figure 3.8a). First, we assessed whether okadaic acid 

influenced Teff proliferation ex vivo and observed that okadaic acid treated Teff 

cells proliferated to the same extent as vehicle treated controls (Figure 3.8b). In 

addition, we confirmed that okadaic acid retained its activity for the duration of 

the assay as okadaic acid treated CD4+ T cells still exhibited increased FoxO1 

phosphorylation at 96 hours (Figure 3.8c). We then went on to assess the effect 

of okadaic acid on Treg cell suppression of Teff proliferation. Interestingly, 

okadaic acid did not affect Treg cell suppressive capacity in these assays 

(Figure 3.8d). Collectively, these data indicate that okadaic acid, despite 

inhibiting PP2A activity and promoting FoxO1 phosphorylation, does not 

influence Treg cell phenotype and function in vitro.  
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Figure 3.8: Okadaic acid does not impair T regulatory 

cell mediated suppression of CD4 effector cells  

(a) Teff and Tregs were isolated from the lymph nodes and spleen of FoxP3-GFP 

mice. Cells were co-cultured at indicated ratios in the presence of antigen 

presenting cells and 0.15 µg/mL anti-CD3 for 96 hours +/- okadaic acid.  

(b) CD4+ T cell proliferation in the presence of okadaic acid was measured by 

cell-trace violet dye dilution. Data is representative of 4 independent 

experiments.  

(c) Western blot of FoxO1 phosphorylation at Thr24 in CD4+ T cells treated with 

okadaic acid for 96 hours. Data is representative of 2 independent experiments. 

(d) Proliferation index of Teff cells in the presence of increasing numbers of 

Tregs was assessed by cell-trace violet dye dilution. Data is compiled from 4 

independent experiments – statistical analysis was performed by 2-way ANOVA; 

p-interaction=0.44. 
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3.5 Discussion  

Allergic airway inflammation and asthma occur due to a breakdown in host 

immune tolerance to harmless foreign antigens or allergens. In normal 

individuals, allergens elicit an anti-inflammatory response. However, in patients 

and experimental animal models with severe allergic airway inflammation and 

airway hyper-reactivity, a maladaptive inflammatory response develops [232,314-

316,334-336]. Treg cell dysfunction has been proposed as a possible reason for 

the breakdown in tolerance and the subsequent inflammatory response 

[215,318,319,333]. However, it is unclear how Treg physiology could be subtly 

altered in a specific inflammatory setting without leading to a broader defect.  The 

purpose of this study was to investigate whether the phenomenon of decreased 

PP2A expression in asthmatics might be linked to Treg cell dysfunction. 

In a mouse model of house dust mite-induced allergic airway 

inflammation, we observed severe airway inflammation characterized by 

eosinophilia, Teff cell infiltration, and increased mucus production. These animals 

also had high numbers of Treg cells in their lungs and mediastinal lymph nodes, 

yet had no significant increase in IL-10 levels in their airways. As IL-10 is a 

cytokine often associated with peripheral Treg cells, we hypothesized that these 

mice could be exhibiting Treg cell dysfunction. Interestingly, these inflamed mice 

exhibited decreased PP2A expression, a feature previously observed in 

glucocorticoid resistant asthmatics [234,256,318]. This was of particular interest 
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as PP2A was previously shown to regulate activity of the critical Treg 

cell transcription factor, FoxO1 [229,338]. 

FoxO1 expression is essential for Treg cell differentiation as well as the 

Treg cell anti-inflammatory phenotype [218,222,223,322,326,339,340]. Deletion 

of FoxO1 in Treg cells causes them to adopt a pro-inflammatory phenotype and 

produce IFNγ. Interestingly, increased levels of IFNγ are observed in patients 

with severe, glucocorticoid-resistant asthma - the same category of patients that 

have decreased PP2A expression. We hypothesized that FoxO1 function could 

become perturbed under conditions with decreased PP2A expression, as PP2A 

promotes FoxO1 nuclear localization. To determine whether changes in PP2A 

activity could alter Treg cell phenotypes, we utilized the PP2A inhibitor okadaic 

acid in a series of in vitro assays to test Treg cell differentiation and function. 

Surprisingly, we did not observe any perturbations of the Treg cell 

phenotype in the presence of okadaic acid. Okadaic acid treated Treg cells did 

not produce inflammatory cytokines, such as IL-17 or IFNγ, both of which have 

been reported in Treg cells deficient in PP2A and FoxO1 [218,333]. Additionally, 

we observed that the suppressive function of Treg cells on Teff cell proliferation 

was unaffected by okadaic acid-mediated PP2A inhibition, in contrast to Treg 

cells lacking PP2Acα [333]. From these data we conclude that in vitro 

administration of okadaic acid is an unsuitable experimental system for further 

dissecting the role of phosphatases in Treg function.  
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While in vivo studies, including genetic deletion of 

phosphatases, provide valuable information, complementary ex vivo assays are 

critical for mechanistic studies, and for assessing potential therapeutic options 

prior to testing in an organismal context. Therefore, while we carefully analyzed 

multiple parameters to ensure that okadaic acid blocked phosphatases and 

affected FoxO1 phosphorylation status, okadaic acid did not recapitulate the 

functional deficiencies of Treg cells that have been reported in Treg cells that 

lack FoxO1 and Treg cells that lack the catalytic subunit of PP2A. This could be 

due to at least two possibilities. First, the loss of FoxO1 or PP2A achieved 

genetically occurs throughout the ‘life’ of the Treg cells prior to their analysis.  In 

our ex vivo assays, this is done via acute inhibition of PP2A, and whether the 

acute versus chronic loss of PP2A function differentially affects Treg phenotype 

remains to be seen. Second, the function of Treg cells is likely complex and 

precisely how Treg cells regulate Teff cells in vivo is still incompletely 

understood. Therefore, it is possible that acute inhibition of PP2A activity and 

subsequent alteration of FoxO1 phosphorylation might lead to subtle changes in 

Treg cell function that cannot be observed in ex vivo systems.  Given the in vivo 

findings from other groups regarding the importance of FoxO1 and PP2A in Treg 

cells, our work suggests that caution should be used in interpreting the ex vivo 

assays of Treg cell function as they correlate to Treg cell functionality in vivo.  

While our in vitro systems were unable to recapitulate the recent in vivo 

observations regarding the importance of PP2A in Treg cell function [333], it is an 
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intriguing possibility that the decrease in PP2A expression observed in 

the mediatstinal lymph nodes of mice with allergic airway inflammation, and in 

the peripheral blood monocytes of patients with glucocorticoid resistant asthma, 

might be associated with Treg cell dysfunction. We hope that further use of 

genetic models, ideally with temporal manipulation of gene expression, might 

elucidate how PP2A and FoxO1 function and regulation might influence various 

acquired inflammatory states.  
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Chapter IV 

Summary and Future Directions 

The project described in Chapter III of this dissertation was pursued to its 

logical conclusion while the project detailed in Chapter II has produced multiple 

findings that spawned important future directions.  The summary and future 

directions for Chapter II are detailed here.   

4.1 Summary  

The findings presented in Chapter II make several important contributions 

to our understanding of PtdSer receptors and their role in coordinating apoptotic 

cell clearance. First, the Bai1Tg is capable of rescuing the phagocytic defects in 

Mertk–/– Sertoli cells. Second, unlike in Sertoli cells, the Bai1Tg is unable to rescue 

the phagocytic defects in Mertk–/– RPE. Furthermore, the Bai1Tg does not prevent 

retinal degeneration in a Mertk–/– background. Third, the absence of Mertk 

perturbed the visual cycle, as manifested by decreased retinyl ester 

accumulation. Lastly, Mertk deficient RPE exhibited a dysregulated gene 

expression profile, with changes in genes related to phagocytosis, metabolism 

and retinal disease.   

Prior to this work, PtdSer receptors had been clustered in two broad 

categories: ‘tethering’ and signaling. Tethering receptors were thought to simply 

bind the target but not signal. Signaling PtdSer receptors, while being an 

exceedingly broad category, have been (erroneously) considered a single 

cohesive group. We assessed the ability of BAI1 to compensate in the absence 
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of another PtdSer receptor, MerTK. We assessed functional rescue in 

two specialized phagocytes in vivo: the Sertoli cell and the RPE. Intriguingly, 

BAI1 overexpression did in fact rescue the defective Sertoli cell-mediated-

clearance of apoptotic cells in the Mertk–/– background. Testicular torsion, which 

increases the amount of germ cell death in the seminiferous tubules, lead to a 

large accumulation of apoptotic germ cells in the testes in Mertk–/– mice. In 

contrast, Mertk–/–Bai1Tg mice had significantly fewer corpses in their testes such 

that the degree of corpse accumulation resembled that observed in wild-type 

mice.  

Like the Sertoli cells, RPE are specialized phagocytes. However, unlike 

Sertoli cells, which phagocytose apoptotic germ cells, RPE cells phagocytose 

pieces of the photoreceptors in order to promote photoreceptor survival. 

Assessment of phagocytic clearance of outer segments by the RPE revealed that 

(as anticipated) Mertk–/– mice had decreased outer segment clearance. However, 

this defect was not reversed in Mertk–/–Bai1Tg mice. In addition, the retinal 

degeneration that occurs as a result of defective outer segment clearance was 

not rescued or slowed by BAI1 over expression.  

These data suggested that MerTK was uniquely critical for RPE function 

and suggested that BAI1’s ability to promote phagocytosis might in fact be tissue 

or context dependent. In addition to mediating phagocytosis, specialized 

phagocytes play a multitude of roles in their respective tissues. One of the most 

important functions of the RPE is converting all-trans-retinol to the chromophore 
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11-cis-retinal. Analysis of visual cycle intermediates revealed that 

Mertk–/– mice have decreased retinyl esters, which are the precursors of 11-cis-

retinal. This phenotype was observed in mice at 21 days of age, prior to the 

onset of retinal degeneration. The decreased retinyl ester accumulation 

suggested that the absence of MerTK perturbs RPE processes beyond 

phagocytosis.  

To expand our understanding of how RPE expression of MerTK affects 

RPE functions beyond phagocytosis, we used the unbiased approach of RNAseq 

to analyze the transcriptome of RPE from Mertk–/– and Mertk+/+ mice. The 

RNAseq dataset revealed 60 genes that were differentially regulated in Mertk–/– 

RPE. From this dataset, two crucial clusters of genes were identified: genes 

linked to phagocytosis and genes linked to metabolism. The dysregulation of 

genes associated with phagocytosis was not only fascinating, it also provided an 

explanation for why BAI1 is unable to rescue phagocytosis in Mertk–/– RPE. The 

dysregulation of metabolic genes was also of significant interest and we 

considered two possible interpretations of these data. First, the dysregulation of 

metabolic genes could lead to phagocytic dysregulation since phagocytosis is a 

metabolically demanding process. However, it is also possible that these 

metabolic findings might in fact be the result of defective phagocytosis and not 

the cause. This prospect was particularly fascinating as several genes related to 

cholesterol metabolism were identified in this dataset and cholesterol export is 

regulated downstream of phagocytosis in certain cell types. Furthermore, 
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cholesterol export is an important RPE function and is necessary for 

the maintenance of retinal homeostasis.  

In the following section, I outline the major questions raised by our findings 

and discuss how these questions might be answered with future studies. 
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4.2 Future Directions 

4.2.1 Why doesn’t BAI1 expression rescue defects in RPE phagocytosis? 

We found that BAI1 over expression was capable of rescuing deficient 

Sertoli cell phagocytosis in Mertk–/– mice yet we did not see a similar rescue of 

RPE phagocytosis. The context-dependent nature of BAI1 function is particularly 

puzzling but there are key differences between the two cell types and modes of 

clearance that were analyzed, any of which could explain why BAI1 functions in 

one phagocyte but not the other. I have outlined four possibilities below.  

The role for BAI1 in cell pruning:  

First, the phagocytic events that occur in the RPE differ greatly from what 

occurs in Sertoli cells. POS clearance, unlike apoptotic germ cell clearance, is a 

cell ‘pruning’ process. Sertoli cells engulf apoptotic corpses while RPE prune the 

photoreceptor. The mechanics underlying these processes might differ greatly 

and it is possible that BAI1 is unsuited to mediating cell pruning despite 

functioning in corpse-clearance. Thankfully, there are at least two other instances 

of phagocytic ‘pruning’ of live cells that we can use as models to investigate this 

question: synaptic pruning in the central nervous system and residual-body 

removal in the testis.  

Residual body removal during spermatogenesis has been linked to the 

apoptotic cell clearance machinery via studies in C. elegans [348]. Additionally, 

microscopic analysis of this process in situ suggests that it is a true ‘pruning’ 

process [349]. Impaired residual body phagocytosis can lead to abnormal 
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morphology of the mature sperm due to excessive cytoplasm and/or 

abnormal accumulation of multinucleate cells in the seminiferous tubules [350]. 

Additionally, residual body removal can be monitored in situ by quantifying lipid 

body accumulation in Sertoli cells in stage VIII tubules (the stage when 

spermiation occurs) and by looking for multinucleate giant cells / large residual 

bodies in testicular sections [134,349]. To determine if BAI1 promotes residual 

body ‘pruning’, we can begin by evaluating Bai1–/– mice as BAI1 is expressed 

endogenously by Sertoli cells. We can evaluate oil-red-O staining in stage VIII 

tubules to quantify residual body uptake. In addition we can evaluate sperm 

morphology and sperm counts in the seminiferous fluid of Bai1–/– mice. Should 

we find that Bai1–/– mice do not have a phenotype with regard to residual body 

pruning, we can also evaluate Mertk–/– and Mertk–/–Bai1Tg mice to see if the 

absence of MerTK causes impaired residual body removal and determine 

whether BAI1 is capable of rescuing this defect as it did with apoptotic cell 

clearance. 

The functionality of BAI1 in pruning events could also be investigated in a 

model of synaptic pruning. While synaptic pruning has not been definitively linked 

to PtdSer exposure, astrocytes have been shown to prune synapses in a MerTK-

dependent manner [351]. Additionally, these investigations can be performed in 

vitro, making live monitoring of pruning possible. By using the in vitro pruning 

assays, we could evaluate whether BAI1 overexpression enhances pruning in 
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MerTK-deficient astrocytes and further test whether BAI1 plays a role 

endogenously by evaluating BAI1-deficient astrocytes.  

BAI1-mediated clearance in the setting of inflammation: 

Another possible explanation for BAI1’s inability to enhance phagocytosis 

by the RPE is that BAI1 only functions under inflammatory conditions. The in vivo 

studies on the role of BAI1 in apoptotic cell clearance have largely utilized 

inflammatory models: colitis, testicular torsion, thymic death and atherosclerosis 

[86,131]. While Bai1–/– mice have exacerbated apoptotic corpse accumulation in 

the testes following torsion and in the thymus following dexamethasone injection, 

they do not have any apparent corpse accumulation at baseline. Conversely, 

Mertk–/– mice do exhibit apoptotic corpse accumulation in the testes at baseline 

[52]. Importantly, this dissertation demonstrates that BAI1 over expression does 

not reduce the corpse accumulation in Mertk–/– testes at baseline, though rescue 

does occur in the inflammatory context of torsion.  

RPE phagocytosis, as assessed in this work, does not occur in a setting of 

acute inflammation. However, the RPE can also clear debris and apoptotic cells 

in settings of acute inflammation, such as with N-methyl-N-nitrosurea (MNU) 

administration [352] Intraperitoneal administration of MNU causes selective death 

of photoreceptors that occurs between 3 and 7 days post-injection [353]. The 

RPE clear dead photoreceptors in the setting of acute photoreceptor death 

induced by MNU [352]. Therefore, we can use a system of MNU injury to 

evaluate whether BAI1 over expression enhances RPE clearance. Similarly, we 
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can assess if BAI1 over expression can rescue defective RPE-

mediated clearance in Mertk–/– mice.  

The role for BAI1 in the setting of inflammation can be further dissected 

in vitro. Previous studies have shown that over expression of BAI1 enhances 

phagocytosis in multiple cell types in vitro [42,86,131]. To determine whether 

these enhancements might be more pronounced under inflammatory conditions, 

we can perform similar phagocytosis assays in the presence of inflammatory 

cytokines such as TNFα and IL-1. Alternatively, it is possible that the 

inflammatory environment itself may not enhance BAI1 function directly. Rather, 

BAI1 might only promote phagocytosis in settings with large numbers of 

apoptotic cells, which arise in the context of inflammation. To address this 

possibility in vitro, we can titrate apoptotic ‘target’ ratios to determine whether the 

enhancement observed in macrophages overexpressing BAI1 (Figure 4.1) 

diminishes when fewer targets are applied to phagocytes.  
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Figure 4.1: Peritoneal macrophages over expressing 

BAI1 exhibit enhanced apoptotic cell clearance 

Peritoneal macrophages were isolated from 6-10 week old mice and cultured for 

48 h. Apoptotic cells stained with a pH sensitive dye (CypHer 5e) were added to 

peritoneal macrophages at a 1:10 (phagocyte-to-target) ratio. After 30 minutes of 

co-culture, peritoneal macrophages were detached and CypHer 5e signal was 

quantified by flow cytometry.   
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BAI1 function in phagocytosis requires the presence of an 

unknown co-factor 

Our data suggest that BAI1 over expression is capable of rescuing 

phagocytic defects in Sertoli cells, which express BAI1 endogenously. 

Furthermore, the current in vivo data suggests that endogenous BAI1 is 

important for apoptotic cell clearance in the testes, even if only in the setting of 

testicular torsion. Unlike Sertoli cells, RPE do not appear to express BAI1. 

Therefore, it is possible that we observed rescue in Sertoli cells but not the RPE 

because Sertoli cells express a previously unidentified co-factor that is essential 

for BAI1 function.  

BAI1 was originally identified as an ELMO interacting partner in a yeast-2-

hybrid screen [42]. By using the same yeast-2-hybrid approach, we might identify 

other potential BAI1 interacting partners and potentially a co-factor involved in 

promoting BAI1 function. Should BAI1 possess a co-factor that promotes 

signaling downstream of PtdSer binding, BAI1 might only interact with its co-

factor in the context of PtdSer recognition. If the yeast-2-hybrid screen fails to 

yield any potential co-factors, we could instead over express a tagged version of 

BAI1 in a cell line. This tagged version of BAI1 would allow us to readily perform 

co-immunoprecipitations in the presence of apoptotic or simple PtdSer-exposing 

targets, such as liposomes. BAI1 interacting partners could then be identified by 

mass spectrometry. These studies, even if they fail to identify a true co-factor, 
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could reveal other BAI1 interacting partners and illuminate other 

pathways that are activated downstream of BAI1.   

GTPase mediation of RPE phagocytosis  

BAI1 elicits cytoskeletal rearrangement via downstream activation of the 

small GTPase, Rac. While the majority of engulfment pathways converge on 

Rac, it is not the only GTPase capable of mediating cytoskeletal rearrangement 

in phagocytic events (Figure 4.2). Thus, if RPE phagocytosis is mediated by a 

different GTPase, BAI1 would be unable to enhance this process as it promotes 

cytosketal rearrangement via Rac. 

One candidate GTPase for the regulation of RPE phagocytosis is RhoA. 

While classically considered a negative regulator of apoptotic cell clearance, 

RhoA functions in other phagocytic pathways including complement receptor-

mediated phagocytosis [259]. RhoA inhibits Rac activity via ROCK. In fact, during 

Rac-mediated phagocytic events, phagocytosis can be enhanced via ROCK 

inhibition, as this alleviates endogenous Rac suppression [57] (Figure 4.2). A 

potential role for RhoA in RPE phagocytosis is supported by the finding that 

genetic deletion of the endogenous RhoA inhibitor p27, enhances RPE 

phagocytosis [352]. Currently our in vitro RPE phagocytosis assay contradicts 

the hypothesis that Rac does not function in this pathway as ROCK inhibition 

enhanced RPE phagocytosis in culture (Figure 2.9d). However, in the same 

system, Mertk–/– RPE do not exhibit a phagocytic defect, which potentially 



   

 

164 

invalidates the finding that ROCK inhibition enhances RPE 

phagocytosis (Figure 2.9e).  

In order to rigorously test whether Rac promotes RPE phagocytosis, we 

can delete Rac1 in RPE by crossing Rac1Flox mice to Best1-cre mice. Best1-cre 

is driven by the promoter for Bestrophin1, an RPE specific gene [354]. By 

assessing RPE phagocytosis in Best1-cre Rac1flox mice, we can evaluate 

whether Rac1 is essential for phagocytosis of POS. As with our assessment of 

RPE phagocytosis in Mertk–/– mice, phagocytosis can be monitored in situ by 

timed analysis of rhodopsin staining in eyecups. Should we find that RPE 

phagocytosis is not affected by the absence of Rac1, it would suggest that BAI1 

is unable to rescue RPE phagocytosis in Mertk–/– mice as it does not elicit the 

correct phagocytic pathway.   
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Figure 4.2: Phagocytic pathways involve multiple small 

Rho GTPases 

A network of signaling shows how multiple engulfment pathways intersect and 

influence each other. Apoptotic cell engulfment via integrins and BAI1 utilize 

Rac1 to facilitate actin re-arrangement. The integrin pathway can elicit 

ELMO/Dock180 activation via cooperation with CrkII while BAI1 elicits Rac 

activation directly by recruiting ELMO. Complement receptor mediated 

phagocytosis relies on activation of the small GTPase RhoA. This pathway 

inhibits other engulfment pathways by activating Rho kinase (ROCK). The small 

GTPase RhoG promotes activity of multiple engulfment pathways. Dashed 

arrows indicate indirect or less clearly defined interaction (s).  
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4.2.2 Does phagocytosis by specialized phagocytes regulate their 

non-phagocytic functions? 

Specialized phagocytes play a multitude of roles within their respective 

tissues including: maintenance of immunological privilege, vitamin A metabolism, 

cholesterol transport, and glucose transport. Interestingly, almost all of these 

processes have been linked either directly or indirectly to phagocytosis. This 

raises the fascinating hypothesis that phagocytosis by specialized phagocytes 

orchestrates and/or promotes their other functions. This hypothesis is supported 

by several important findings reported in Chapter II. First, Mertk–/– mice exhibit 

reduced retinyl ester accumulation prior to the onset of retinal degeneration. 

Furthermore, multiple metabolic genes, including several related to cholesterol 

transport and metabolism, were differentially regulated in Mertk–/– RPE (Figure 

2.11, Figure 4.3). These findings support the need for a more in depth 

investigation of how phagocytosis regulates other functions of specialized 

phagocytes. Here, I detail several lines of investigation to elucidate the 

importance of phagocytosis in specialized phagocyte function.  

Phagocytosis by specialized phagocytes is necessary for the maintenance 

of immunological privilege 

Sertoli cells and the RPE play two crucial roles in the maintenance of 

immunological privilege within their respective tissues. Both cells form physical 

barriers that prevent infiltration of immune cells and release of certain auto-

antigenic material [110,113,164]. In addition, both Sertoli cells and RPE promote 
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local immune privilege by producing TGFβ and promoting Treg 

differentiation. Importantly, TGFβ is produced by phagocytes following apoptotic 

cell recognition and clearance, creating a clear link between phagocytosis and 

immunomodulation [13]. 

To investigate whether phagocytosis by RPE and Sertoli cells contributes 

to immunological privilege within the eye and testes respectively, we can first 

investigate the integrity of the blood-retinal-barrier (BRB) and blood-testes-barrier 

(BTB) in mice with defective phagocytosis. Importantly, mice lacking all 3 TAM 

receptors have reduced BTB integrity and abnormal immune cell infiltration in 

their testes [93,109]. Additionally, unpublished data from our lab suggests that 

the BTB is impaired both by the loss of Rac1 and by blockade of PtdSer with 

soluble thrombospondin repeats from BAI1 (BAI1-TSR). These data collectively 

support a role for phagocytosis in maintaining the BTB. A similar assessment of 

the BRB can be performed in Mertk–/– mice, which have profoundly impaired RPE 

phagocytosis. Barrier integrity in the RPE layer can be assessed by looking for 

continuous ZO-1 staining in RPE flat mounts. Furthermore, we can assess 

physiological changes in barrier function using Evan’s Blue Dye, which binds to 

albumin and therefore only extravasates into tissues exhibiting capillary leak.  

To assess whether phagocytosis by either Sertoli cells or RPE influences 

their anti-inflammatory properties, we can utilize in vitro culture systems to 

evaluate TGFβ production by RPE and Sertoli cells exposed to POS and 

apoptotic germ cells, respectively. Using this in vitro system, we can evaluate 
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how primary RPE derived from Mertk–/– mice respond to POS as well 

as how primary Sertoli cells from Mertk–/–, Elmo1–/–, and Amh1-cre Rac1flox 

(Sertoli cell specific deletion of Rac) mice respond to apoptotic germ cells. In 

addition to assessing TGFβ production, the supernatants from RPE and Sertoli 

cells that have been exposed to apoptotic or PtdSer-exposing targets, can be 

applied to primary CD4 T cell cultures to assess whether these supernatants 

promote Treg differentiation [114,144]. It would also be interesting to address 

whether supernatants from engulfment deficient Sertoli cells and RPE (e.g. 

Mertk–/–) are equally capable of inducing Treg differentiation, both in the 

presence and absence of PtdSer-exposing targets. These assays would help 

address whether the loss of engulfment genes influences the ability of RPE and 

Sertoli cells to regulate immunological barrier function by promoting Treg 

differentiation.  

The immunological privilege maintained by the RPE and Sertoli cells 

prevents autoimmune inflammation in the eye and testes respectively. To 

determine if engulfment deficits in RPE and Sertoli cells influence the 

immunological barriers in their respective tissues, we can evaluate the 

susceptibility of mice with engulfment deficits in Sertoli cells and RPE to 

experimental autoimmune orchitis and uveitis. Autoimmune orchitis can be 

induced with subcutaneous injection of viable germ cells while autoimmune 

uveitis can be induced by immunization with interphotoreceptor retinoid binding 

protein [355,356]. Following immunization, we can monitor immune cell infiltrate 
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and local IgG deposition in both tissues. Interestingly, mice lacking two 

of the TAM receptors, Axl and MerTK, have increased susceptibility to 

autoimmune orchitis [357]. This finding supports the hypothesis that impaired 

phagocytosis leads to impairments in immunological privilege. However, this 

study was performed with global deletion of both genes (Axl and MerTK) and 

MerTK was previously shown to promote negative selection of autoreactive T 

cells and simultaneously promote peripheral T cell tolerance [358,359]. Thus, this 

finding cannot be directly linked to local engulfment deficits. To properly 

demonstrate that phagocytosis by Sertoli cells and the RPE contributes to local 

immune privilege, we will utilize Sertoli cell and RPE specific knock-outs of 

engulfment genes to ensure that homeostasis of the immune system is not 

perturbed globally.  

Phagocytosis by specialized phagocytes influences local vitamin A storage  

Vitamin A storage is a critical feature of both RPE and Sertoli cells. 

Vitamin A is sequestered in cells for storage by esterification to fatty acids. These 

retinyl esters are not cell-permeable and are stored in both RPE and Sertoli cells 

for future use in the retina and testes, respectively [273]. Vitamin A has a well-

documented role in the visual cycle where it is required in the form of 11-cis-

retinal for light recognition [269]. In the testes, Vitamin A is critical for 

spermatogenesis as retinoid acid signaling in germ cells initiates meiosis [360]. 

Data presented here show that Mertk–/– mice exhibit decreased retinyl ester 

accumulation in the RPE (Figure 2.10). This finding is supported by an earlier 
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observation in Mertk deficient RCS rats, which have a defect in vitamin 

A esterification that was so severe it was (erroneously) proposed to be the cause 

of retinal degeneration in these animals [361]. These perturbations in vitamin A 

esterification could be the result of the altered metabolic gene expression profile 

in Mertk–/– RPE (Figure 2.11) or decreased expression of the enzyme LRAT, 

which esterifies vitamin A (Figure 4.3). While altered LRAT expression seems 

like an obvious underlying cause of decreased retinyl ester levels, the change in 

LRAT expression was not significant by adjusted p-value.  

As impaired vitamin A esterification has already been observed in Mertk–/– 

RPE, the next step is to evaluate retinyl ester accumulation in Sertoli cells of 

engulfment-deficient mice. As with retinyl ester analysis in the eye, we can use 

HPLC to quantify retinyl esters in the testes of multiple strains of mice with 

impaired Sertoli cell phagocytosis including Mertk–/–, Elmo1–/–, and Amh1-cre 

Rac1flox mice. In addition, phagocytosis in the testes can be blocked by direct 

injection of annexin V and/or BAI1-TSR. By blocking phagocytosis in this way, we 

can evaluate whether acute perturbations of Sertoli cell phagocytosis affect 

retinyl ester accumulation or if phagocytic defects must be life-long. Should we 

see altered accumulation of retinyl esters in the testes of mice with impaired 

Sertoli cell phagocytosis, we will perform a similar investigation of the metabolic 

gene profile and LRAT expression in Sertoli cells. Changes in either LRAT 

expression or the metabolic gene profile could point to the mechanism by which 

phagocytosis influences vitamin A esterification in specialized phagocytes.  
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Phagocytosis by specialized phagocytes regulates cholesterol 

homeostasis in the eye and testes 

 Both the retina and seminiferous tubules require complex regulation of 

cholesterol. Cholesterol in the testes is utilized for generation of steroid 

hormones while in the retina cholesterol is necessary for daily regeneration of 

POS. However, accumulation of cholesterol in either tissue impairs function. 

Importantly, both Sertoli cells and RPE mediate reverse cholesterol transport, 

which prevents cholesterol accumulation in the testes and eye respectively 

[130,161]. Deletion of Abca1, causes lipid accumulation in Sertoli cells, 

decreased sperm count, and lower levels of intratesticular testosterone [130]. On 

the other hand, perturbation of cholesterol metabolism by deletion of Cyp27a1 

causes abnormalities of the retinal vasculature, oxidative stress in 

photoreceptors and cholesterol deposits on the apical and basolateral sides of 

the RPE [304,305]. Interestingly, Abca1 expression is upregulated in 

macrophages following PtdSer recognition and phagocytosis of apoptotic cells. 

Furthermore, RNAseq of Mertk–/– RPE revealed a significant change in the 

cholesterol regulator Cyp27a1 (Figure 4.3). Additionally, Mertk–/– RPE exhibited 

a change (though not statistically significant) in expression of Abca1 (Figure 4.3). 

These observations support the hypothesis that phagocytosis by specialized 

phagocytes might regulate cholesterol homeostasis.  

To further investigate the role of phagocytosis in cholesterol homeostasis 

within Sertoli cells and RPE, we can utilize in vitro systems to monitor Abca1 
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upregulation and cholesterol transport in response to apoptotic germ 

cells and POS respectively. In addition, we can evaluate Abca1 expression and 

localization in Sertoli cells and RPE in situ under conditions in which 

phagocytosis is impaired, such as with genetic mutants or with PtdSer blockade 

with annexin V or the BAI1-TSR. Importantly, this would enable us to analyze the 

expression of this critical cholesterol regulator on mature cells. Another 

interesting approach would be to monitor Abca1 expression in RPE cells at 

different times of day since RPE phagocytosis is temporally regulated. Should we 

find that Abca1 expression peaks after light onset and wanes overnight, it would 

support the notion that RPE phagocytosis regulates the cholesterol export 

machinery in the RPE.  

If we see altered expression of Abca1 in our in vitro and in situ analyses, it 

would be informative to assess cholesterol accumulation in the testes and retina 

in engulfment-deficient mouse lines. Cholesterol levels can be assessed both by 

staining and direct quantification.  Staining of cholesterol in tissue sections is 

done with oil-red-O and filipin dyes. Importantly, oil-red-O will also pick up retinyl 

esters [362]. Therefore, direct quantification of cholesterol in perfused tissues will 

be more informative regarding true cholesterol accumulation. Monitoring ocular 

cholesterol accumulation in Mertk–/– mice may prove particularly informative, as 

almost no RPE phagocytosis should be occurring past 3 months of age.  
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Collectively, the analyses proposed in this section will provide 

insight as to whether phagocytosis by specialized phagocytes is necessary for 

the execution of their other functions.  

  



   

 

175 

Figure 4.3: Genes related to cholesterol metabolism and 

vitamin A esterification are dysregulated in Mertk–/– RPE 

Heat map shows genes metabolic genes that are differentially regulated in  

Mertk–/– RPE. Cyp27a1 and Acss2 are significantly different in Mertk–/– RPE. 

Cyp27a1 is involved in cholesterol metabolism and Acss2 expression is 

regulated by sterol responsive binding proteins. Abca1 mediates reverse 

cholesterol transport and the difference in expression was not significantly 

different by adjusted p value (padj=0.76) but raw p value revealed a significant 

difference (p=0.02). Lrat promotes vitamin A esterification. Expression in Mertk–/– 

RPE was not significantly different by adjusted p value (padj=0.50) but was 

significantly different by raw p value (p=0.008)  
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4.2.3 What is the role of RPE-produced insulin? 

  The photoreceptors of the neural retina are perhaps the most highly 

glycolytic cells in a healthy mammal. In fact, the astounding level of aerobic 

glycolysis in the retina was observed by Otto Warburg in 1925 [363]. In order to 

acquire the large amount of glucose required to sustain this level of glycolysis, 

the photoreceptors, like muscle, liver and adipose tissue, are insulin-responsive 

[364,365]. The insulin-response in photoreceptors upregulates the high-affinity 

glucose transporter, GLUT4 [366]. It has previously been assumed that systemic, 

circulating insulin is transported across the BRB so that it can act directly on the 

photoreceptors. However, one of the most surprising transcripts that we identified 

in our RNAseq screen of RPE was insulin (Figure 4.4a). According to the 

RNAseq dataset, the gene for insulin, Ins2 was downregulated in Mertk–/– RPE 

relative to WT. While the change in expression in Mertk–/– mice did not repeat 

when additional animals were analyzed by qRT-PCR, we did observe 

astonishingly high levels of Ins2 transcript in the RPE (Figure 4.4b). 

Furthermore, we not only observed insulin expression, we also found that 

multiple genes previously linked to insulin release are highly expressed in RPE, 

including Rhoq, Slc4a4, Ano1, and Slc30a5 (Figure 4.4a, 4.4b) [287,367,368].  

These observations prompted us to consider that retinal insulin might in 

fact originate in the RPE, not the systemic circulation. While extra-pancreatic 

sources of insulin have been reported, this finding would be unprecedented as 

extra-pancreatic insulin (excluding thymic insulin expression) has only been 
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reported in mouse models of diabetes [369,370]. The possibility of 

local insulin production in the eye raises several fascinating questions regarding 

the regulation of this insulin production and its role in retinal function. To further 

investigate these observations I have outlined several future directions regarding 

RPE-produced insulin. 

Confirm production of insulin by the RPE 

 First it will be necessary to confirm that the RPE are in fact producing and 

releasing insulin. While the RPE preparations for gene expression analysis are 

considered pure, there is still a possibility of contamination from other cells. To 

confirm that the RPE are transcribing Ins2, we can use RNA FiSH or insulin-

reporter mice to localize Ins2 transcript in situ. Furthermore, we can stain retinal 

sections for the insulin protein product. Lastly, we can perfuse mice and quantify 

the amount of insulin within the eye. Combined, these methods will establish 

which cells in the retina are expressing/producing insulin and will determine how 

much insulin is present in the eye under normal conditions. Lastly, it would be 

interesting to determine how much circulating insulin contributes to the pool of 

ocular insulin. This could be performed by intravenously injecting mice with 

radiolabelled insulin. These mice would be euthanized and perfused shortly 

following injection and radioactive signal could be assessed in eye or retinal 

homogenates.  
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Regulation of RPE insulin production and release 

The β cells of the pancreas are considered to be the main (and potentially 

only) source of insulin in healthy animals [369,370]. In pancreatic β cells, insulin 

production is regulated at the transcriptional and translational levels in response 

to circulating glucose. Under fasting conditions, insulin expression is 

downregulated and upon glucose exposure, β cells upregulate production and 

release of insulin to instruct peripheral tissues to absorb circulating glucose [371]. 

Unlike muscle, adipose and hepatic tissues, which are also insulin responsive, 

the photoreceptors rely almost solely on glycolytic metabolism. Considering the 

metabolic demand of the photoreceptors, the near-exclusive use of glycolysis in 

these cells necessitates high levels of glucose. Thus, it might be advantageous 

for photoreceptors to continuously express the insulin-regulated GLUT4 

transporter on their surface, so as to ensure consistent glucose absorption. 

Should photoreceptors continuously express surface GLUT4, they would 

theoretically require a continuous source of insulin. Thus, we hypothesize that 

insulin production by the RPE is not affected by circulating glucose levels. To 

investigate this hypothesis, we can evaluate fasting expression of Ins2 in the 

RPE. In addition, we can investigate whether ocular insulin levels change during 

fasting, when circulating insulin levels drop.  

Importance of RPE-derived insulin for visual function 

Ultimately, the goal of this line of investigation is to determine whether 

insulin produced by the RPE is crucial for retinal homeostasis and visual function. 
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Thus, the most crucial experiment is to eliminate RPE expression of 

insulin and monitor visual function. Unfortunately, there are no inducible or tissue 

specific methods to delete insulin. However, the eye is uniquely suited for tissue-

specific deletion. The RPE are amenable to in vivo methods of gene delivery, 

including lentiviral and adenoviral transduction systems. In fact, viral gene 

transfer of Mertk to RCS rats and mice has successfully prevented retinal 

degeneration [188,372]. Thus, we can inducibly delete insulin in the RPE by viral 

delivery of shRNA against Ins2. Of note, rodents express two isoforms of insulin, 

Ins1 and Ins2 [373]. Importantly, Ins2 is the homolog of insulin that is expressed 

by other species. Our RNAseq data indicates that Ins1 is not expressed by the 

RPE, making shRNA-mediated knockdown of insulin by targeting Ins2 feasible.  

Following Ins2 knockdown, changes in retinal function and architecture 

can be monitored in live animals over time. Electrical impulses in the retina are 

monitored by electroretinogram recordings, which can discern the electrical 

activity in the photoreceptors from the interneurons and ganglion cells. Optical 

coherence tomography can also be used in live mice to assess retinal 

degeneration and any potential retinal detachment and sub-retinal fluid 

accumulation that might result from long-term insulin deficits. By using these non-

invasive techniques, we can monitor mice with insulin-deficient RPE over long 

periods of time. In addition to monitoring these mice at baseline, we can also 

assess retinal electrical activity in fasting mice.  
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Assessment of insulin production in Sertoli cells 

 In Otto Warburg’s original work on the glycolytic metabolism of cancer 

cells, he mentions the high level of aerobic glycolysis in the retina and the testes. 

In keeping with the line of investigation proposed in 4.2.2, it would be informative 

to evaluate whether Sertoli cells also produce insulin to support the developing 

germ cells. Indeed, a preliminary analysis of Ins2 gene expression in Sertoli cells 

revealed that they expressed low levels of Ins2 (Figure 4.3c). Since Sertoli cells 

are kept in culture for several days prior to analysis, it is possible that Ins2 

expression is more robust in vivo. Therefore, Ins2 expression should be 

evaluated in situ, using either Insulin-reporter mice or RNA FiSH. Furthermore, 

insulin protein staining and quantification should be evaluated in the testes, as 

with the retinas.  

Should we find that Sertoli cells express and produce insulin, we can 

perform similar analyses as detailed above. Testicular insulin levels can be 

monitored in fasting mice in order to determine whether testicular insulin 

production is dependent upon circulating glucose levels. Unfortunately, viral gene 

transfer in the testes will not specifically affect Sertoli cells, making it difficult to 

monitor the effects of tissue-specific deletion on testicular function.  

Collectively, these proposed experiments will confirm whether RPE and 

Sertoli cells are extra-pancreatic sources of insulin. Furthermore, should we 

determine that RPE and Sertoli cells produce insulin, these studies will help us to 

understand how that insulin production is regulated and what role it plays in the 
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local tissue-environment. Should we uncover extra-pancreatic sources 

of insulin in healthy mice, it would be a profoundly interesting discovery.  
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Figure 4.4: RPE express insulin and multiple genes 

related to insulin release 

(a) Heat map of genes related to insulin production and release that were 

differentially regulated according to RNAseq analysis of Mertk+/+ and Mertk–/– 

RPE.  

(b) Genes related to insulin production and release that were identified in the 

RNAseq analysis were analyzed in the original library prep and a fresh set of 

RPE samples by qRT-PCR (WT n=8; KO n=9). Values graphed are 2ΔCT and β2 

microglobulin was used as a housekeeping control gene. Analysis of Ins2 and 

Slc30a5 revealed that there was no difference between Mertk+/+ and Mertk–/– 

mice. While Slc4a4 and Ano1 showed no significant differences by 2ΔCT values, 

normalization revealed differences (Figure 2.11). 

(c) Ins2 expression was analyzed in Sertoli cells that harvested from P14 mice. 

Sertoli cells were cultured for 5 days to expand them prior to isolating RNA. 
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Appendix I 

Evaluation of Tim4–/– mice in pristane-induced autoimmune 

disease  

A1.1 Introduction 

Failure to clear apoptotic cells has been implicated in the development of 

autoimmune diseases such as systemic lupus erythematosus (SLE) [257]. 

Patients with SLE are reported to have circulating apoptotic endothelial cells in 

their sera and apoptotic corpses attached to (but uncleared by) tingible body 

macrophages in the spleen [374-376]. The defective apoptotic cell clearance in 

these patients has been attributed to lower concentrations of serum complement 

proteins relative to healthy controls, suggesting that the defective clearance is 

not intrinsic to phagocytes [377]. However, PtdSer receptor knock-out mice have 

been reported to mimic certain features of SLE and this has been hypothesized 

to result from defective apoptotic cell clearance in these animals [41,90,257,378].  

In the original manuscript identifying TIM4 as PtdSer receptor, it was 

reported that in vivo blockade of TIM4 led to an increase in anti-dsDNA 

antibodies and anti-cardiolipin antibodies [41]. Characterization of a Tim4–/– 

mouse supported a crucial role of TIM4 in preventing auto-antibody production as 

these mice exhibited anti-dsDNA antibodies as early as 8 weeks of age [379]. 

However, more recent reports contradict these original findings, as auto-

antibodies were not found to develop spontaneously in Tim4–/– mice, but did 

develop when both TIM4 and MFG-E8 were absent [90]. In considering these 
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conflicting reports, we hypothesized that Tim4–/– mice might be more 

susceptible to autoimmune disease, but spontaneous development of 

autoimmunity might depend upon a variety of factors, including microbiota 

differences from one facility to another [380]. Therefore, we attempted to induce 

autoimmune disease in Tim4–/– mice by injecting them with pristane.  

Pristane is a hydrocarbon that induces chronic inflammation when injected 

in to the peritoneum of mice [381]. While this method of inducing SLE-like 

autoimmune disease might be considered artificial, occupational exposure to 

hydrocarbon oils has been linked to SLE and rheumatoid arthritis [382,383]. 

C57Bl/6 mice injected with pristane tend to develop a milder course of 

autoimmune disease than more autoimmune-prone strains such as BALB/c mice. 

However, pristane-treated C57Bl/6 mice do exhibit increased titers of anti-

smRNP auto-antibodies, which are considered pathognomonic for pristane-

induced-lupus autoimmune disease. Interestingly, pristane-treated C57Bl6 mice 

(but less commonly BALB/c) exhibit another feature of SLE, diffuse alveolar 

hemorrhage resulting from pulmonary capillaritis [384]. Alveolar hemorrhage is a 

devastating complication of SLE and few mouse models of SLE exhibit alveolar 

this phenomenon.   

Analysis of pristane-treated Tim4–/– mice led to two surprising 

observations. First, Tim4–/– mice treated with pristane do not develop more 

severe autoimmune disease than WT animals as measured by autoantibody 

titers and renal pathology.  Second, Tim4–/– mice exhibited increased survival in 
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the 30 days following pristane-treatment, the time frame in which 

diffuse alveolar hemorrhage typically develops in C57Bl/6 mice [384]. Recently, 

the alveolar hemorrhage phenotype in pristane-induced lupus was linked to 

macrophage activation [385]. Given the reported importance of TIM4 in 

macrophage production of inflammatory cytokines and nitric oxide [378,386], our 

data could indicate a role for TIM4 in the pathogenesis of pristane-induced 

alveolar hemorrhage.  
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A1.2 Experimental procedures 

A1.2.1 Mice 

Tim4–/– mice were generously provided by Vijay Kuchroo [379] at Harvard 

University. These mice were crossed to C57Bl/6J mice to generate heterozygous 

animals. Tim4–/– and Tim4+/+ mice derived from crossing heterozygotes were 

used for experiments. Mice were maintained under specific pathogen free 

conditions. 500 µL of pristane was administered to 8 week-old mice by IP 

injection to induce autoimmune disease. Day 0 serum samples were collected by 

retro-orbital bleed prior to injection. Subsequent serum samples were collected 

by retro-orbital bleed at the indicated time-post injection of pristane. Retro-orbital 

bleeds were performed in mice anesthetized with isoflurane. Mice were 

euthanized 6 months post-pristane administration by CO2 asphyxiation. Kidneys 

were collected for histology. 

A1.2.2 Autoantibody ELISA 

ELISA plates were coated overnight with antigen: dsDNA (Sigma) or 

smRNP (Immunovision) in pH 9.6 carbonate buffer. Following coating, plates 

were blocked with PBS 5% FBS (Gemini) for 2 h. Plates were washed and serum 

samples were diluted 1:50 in PBS and added to the plate. Serum was incubated 

on shaking plate for 2 h at RT. Anti-mouse IgG conjugated to HRP (Thermo 

Fisher) was used to detect bound serum antibodies.  
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A1.2.3. Glomerular measurement 

Kidneys were fixed in Bouin’s fixative solution for 6 hours. Following 

fixation, kidneys were transferred to 70% EtOH and then paraffin embedded, 

sectioned and stained with PAS by the UVA Histology Core. Kidney sections 

were imaged at 20x magnification and images containing glomeruli were 

captured for analysis. Glomerular diameter was measured in ImageJ (NIH). A 

total of 20 glomeruli were measured per mouse.   
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A1.3 Results 

A1.3.1 Tim4–/– mice do not exhibit exacerbated pristane-induced 

autoimmune disease relative to WT mice 

In order to evaluate susceptibility of Tim4–/– mice to autoimmune disease, 

we elected to use the hydrocarbon oil pristane to induce autoimmune disease. 8-

week old Tim4–/– and Tim4+/+ mice received IP-injections of pristane on Day 0. 

Prior to injection, serum was collected by retro-orbital bleed in order to determine 

circulating autoantibody titers at baseline (Figure A1.1a). Importantly, Tim4–/– 

mice did not exhibit increased total IgG, anti-dsDNA, or anti-smRNP antibodies at 

baseline (Figure A1.1b). This finding contradicts the original characterization of 

Tim4–/– mice, which reported that elevated anti-dsDNA titers developed as early 

as 8 weeks of age [379]. However, our data is in agreement with a more recent 

report that indicates TIM4 deficiency only leads to autoimmunity when MFG-E8 is 

simultaneously deleted [90].  

After pristane-administration, serum was collected at 30-day intervals for 6 

months for measurement of serum autoantibody titers (Figure A1.1a). As 

expected, pristane administration led to detectable titers of anti-smRNP 

antibodies in approximately 25% of treated-mice and no increase in anti-dsDNA 

antibodies (Figure A1.1c) [381]. However, we were surprised to find that Tim4–/– 

mice did not exhibit an increased incidence in autoantibody titers nor did they 

exhibit higher autoantibody titers relative to Tim4+/+ mice (Figure A1.1c). 

Furthermore, analysis of kidney pathology 6 months-post-pristane administration 
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revealed no difference in glomerular pathology, as measured by 

glomerular size (Figure A1.1d).  
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Figure A1.1: Tim4–/– mice do not exhibit symptoms of 

autoimmune disease following pristane administration 

(a) Schematic of disease model. Mice receive an IP injection of pristane on D0. 

Serum was collected prior to pristane injection on D0 and every 30 days 

thereafter. Mice were euthanized at D180.  

(b) Day 0 measurement of total IgG. Values reported are normalized to WT 

control. Only mice that survived to the end of the experiment were analyzed 

(Tim4+/+ n=6; Tim4–/– n=8).  

(c) Anti-smRNP and anti-dsDNA antibody titers were measured by ELISA. 

Values were normalized to Day 0 Tim4+/+ (Tim4+/+ n=6; Tim4–/– n=8).  

(d) Kidneys isolated from Tim4+/+ andTim4–/– upon euthanasia at Day 180. 

Images were captured at 20x magnification. Glomerular areas were measured in 

ImageJ. Yellow outlines encircle glomeruli and scale bars are 50 µm. Average 

glomerular measurements are based on n=3 WT and n=2 Tim4–/–. Measured at 

least 6 glomeruli per mouse. Error bars are SEM.   
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A1.3.2 Tim4–/– mice have increased survival following pristane-

administration   

Pristane treatment of C57Bl/6 mice leads to substantial mortality in the 30 

days following pristane injection. This has been attributed to the development of 

diffuse alveolar hemorrhage that occurs between 10 and 30 days following 

pristane injection [384]. Indeed, 10 days post-pristane administration, mice began 

to exhibit symptoms of severe illness, including labored breathing, poor 

cutaneous perfusion and lethargy. The vast majority of mice exhibiting these 

symptoms died within 48 h of symptom-onset. Necropsy of these animals 

revealed profound pulmonary hemorrhage, supporting the original reports of 

diffuse alveolar hemorrhage following pristane-administration (Figure A1.2a). 

However, we were surprised to find that Tim4–/– mice had significantly lower 

mortality rates than their WT counterparts (Figure A1.2b). The development of 

pulmonary capillaritis following pristane-administration was recently reported to 

be dependent upon macrophage activation [385]. TIM4 is highly expressed on 

the surface of macrophages, and reportedly suppresses macrophage TNFα and 

nitric oxide production [378,386]. Thus, it is possible that the reduced-mortality in 

Tim4–/– mice reflects an altered macrophage phenotype.  
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Figure A1.2: Tim4–/– mice are resistant to death after 

pristane administration 

(a) Lungs isolated from Tim4+/+ mice during necropsy. Day of death post-pristane 

administration is noted. Images are representative.   

(b) Survival curves of Tim4+/+ and Tim4–/– mice following pristane administration. 

Tim4+/+ n=17 ; Tim4–/– n=11. *p<0.05.   
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A1.4 Discussion 

Impaired apoptotic cell clearance has been touted as an important 

underlying cause of autoimmune disease [387]. While many PtdSer receptor 

knockout mice, with impaired apoptotic cell clearance, have been identified, few 

exhibit signs of overt, spontaneous autoimmune disease. However, mice 

deficient in TIM4 and MerTK have been reported to develop spontaneous 

autoimmune disease, though these reports are inconsistent from one research 

group to the next [52,90,257,378]. One possible explanation for these differences 

is that while PtdSer receptor knockout animals are more susceptible to 

autoimmune disease, differences in mouse-facilities dictate whether disease 

develops spontaneously. Therefore, we hypothesized that inducing autoimmune 

disease via introduction of pristane, would reveal the susceptibility to 

autoimmune disease in mice lacking specific PtdSer receptors. To test this 

hypothesis, we treated Tim4–/– mice with pristane and monitored the development 

of autoimmune disease.  

We were surprised to find that Tim4–/– mice did not exhibit greater 

susceptibility to autoimmune disease, nor did the mice that developed disease 

exhibit greater disease severity. However, we were surprised to find that Tim4–/– 

mice had increased survival relative to WT animals. This increase in survival 

appeared to be reduced susceptibility to diffuse alveolar hemorrhage. Alveolar 

hemorrhage due to pulmonary capillaritis is a devastating complication of SLE 

[388,389]. Our data could indicate a role for TIM4 in the pathogenesis of alveolar 
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capillaritis. As we did not observe increased susceptibility or severity 

of autoimmune disease in Tim4–/– mice, TIM4 might represent a unique target for 

the treatment or prevention of alveolar hemorrhage in SLE patients. 
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Appendix II 

Characterization of colonic epithelial cells and inflammatory 

infiltrates in Bai1–/– and Bai1Tg mice with DSS-colitis 

The experiments described in this section were partially incorporated in to a 

manuscript: Chang Sup Lee, Kristen K Penberthy, Karen M Wheeler, Ignacio J 

Juncadella, Peter Vandenabeele, Jeffrey J Lysiak, Kodi S Ravichandran. 

Boosting apoptotic cell clearance by colonic epithelial cells attenuates 

inflammation in vivo. Immunity. 2016 

A2.1 Introduction 

The GPCR BAI1 is a bona fide PtdSer receptor and promotes clearance of 

apoptotic cells [42]. The original identification and analysis of BAI1 was 

conducted in vitro.  In order to evaluate the importance of BAI1 to maintaining the 

health and homeostasis of an organism, two mouse lines were generated: mice 

lacking BAI1 (Bai1–/–) and mice that conditionally overexpress BAI1 in cre-driven 

manner (Bai1Tg) [86,131,390]. Analysis of Bai1–/– revealed only one phenotype at 

baseline: reduced diameter of muscle fibers [390]. However, there was no clear 

accumulation of apoptotic cells in any tissues analyzed (thymus, testes, colon).  

Therefore, Bai1–/– mice were subjected to multiple disease models to 

determine how the absence of BAI1 influenced disease states. Two important 

findings in Bai1–/– mice were made based on these studies. First, Bai1–/– mice 

that consumed a high-fat, atherogenic diet had larger necrotic cores in their 

atherosclerotic plaques. This was linked to a role for BAI1 in cholesterol 



   

 

200 

homeostasis. Second, when subjected to DSS-colitis, Bai1–/– mice had 

more severe colitis relative to their wild-type counterparts. Furthermore, when 

mice globally over expressing BAI1 (E2a-cre Bai1Tg) or mice over expressing 

BAI1 in their colonic epithelial cells (villin-cre Bai1Tg) were studied in DSS-colitis, 

they were observed to have less severe disease than their wild-type 

counterparts. Surprisingly, overexpression of BAI1 in macrophages (LysM-cre 

Bai1Tg) did not reduce disease. These data suggested that BAI1 expression in 

colonic epithelial cells dampens DSS-colitis but further characterization was 

required to evaluate colonic inflammation at a cellular level and confirm that BAI1 

was being over expressed in the appropriate tissues. Additionally, the notion that 

apoptotic cell clearance by the colonic epithelial cells was contributing to 

dampening of colitis was particularly intriguing. Therefore, we were also curious 

as to which PtdSer receptors were expressed by the epithelial cells.  

To address these questions, I adapted several techniques in order to 

digest colonic tissue and isolate the IEL and LPL for analysis. I designed several 

staining panels and gating strategies to identify various cell populations from the 

LPL and IEL by flow cytometry as well as for sorting populations from the LPL 

and IEL by FACS.  Using these techniques, I confirmed appropriate, tissue-

specific expression of the Bai1Tg in multiple cre-lines. I also evaluated and 

characterized the inflammatory infiltrates in the LPL and determined that Bai1–/– 

mice did not exhibit changes in the infiltrating cell populations. Lastly, by purifying 
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colonic epithelial cells by FACS, we were able to determine that the 

colonic epithelium express multiple PtdSer receptors.   

A2.2 Experimental Procedures 

A2.2.1 Mice and DSS-induced colitis 

ES cells (GST_4419_G3) with a gene-trap mutation between exons 2 and 

3 of Bai1 were obtained from TIGM. To generate conditional BAI1 transgenic 

mice, HA-tagged human BAI1 cDNAs (encoding wild-type BAI1 and BAI1- AAA 

mutant) were inserted into the previously described CAG-STOP-eGFP- 

ROSA26TV (CTV) vector [391]. CTV-BAI1 vectors were transfected into C57BL/6 

embryonic stem cells (JM8A3) and screened for homologous recombination into 

Rosa26 locus. Transgene-encoded BAI1 and eGFP were confirmed in the ES 

cells in vitro via cre transfection. Selected ES clones were used to obtain 

transgenic mice. Tg-BAI1flox-STOP-flox mice were crossed with E2A-cre mice 

(Jackson Laboratory) for global transgene expression [392], Lyz2-cre mice 

(Jackson Laboratory) [393] for myeloid expression, and Vil1-cre mice (Jackson 

Laboratory) for intestinal epithelial cell expression [394]. All animal experiments 

were performed according to protocols approved by the animal care and use 

committee (ACUC) at the University of Virginia. 

Mice (littermates, 8–10 weeks old) were given 3% or 5% dextran sulfate 

so- dium (DSS; MP Biomedicals) in drinking water for 5 or 8 days and analyzed 

on d5 or d8. Changes in body weight and disease severity index were checked 

daily. Disease severity was determined based on weight loss, blood in the stool, 
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and stool consistency, as previously described [395]. The total scores 

were calculated as follows: weight loss (0, <1%; 1, 1%–5%; 2, 6%–10%; 3, 11%–

15%; 4, >15%), stool blood (0, negative; 2, positive; 4, gross bleeding), and stool 

consistency (0, normal; 2, loose stools; 4, diarrhea). All mice were randomly 

allocated to experimental groups and not recognized during the experiment. 

A2.2.2 Epithelial cell and lamina propria layer isolation 

Cleaned colons were opened longitudinally and incubated in 15 mL of IEL 

isolation media: PBS 1mM EDTA (Gibco), 10mM HEPES (Gibco), 1mM DTT 

(Sigma), 5% FBS (Gemini) while shaking horizontally in 50 mL conicals at 250 

rpm at 37°C for 20 minutes.  Supernatants were passed through 100 µm cell 

strainer and flow through consisted predominantly of epithelial cells (EpCAM+ 

55.6%). Colons were transferred to 25 mL of LPL digestion media: RPMI, 5% 

FBS, 10mM HEPES, 1mg/mL collagenase D (Roche), 40µg/mL DNase I 

(Roche), and 1mg/mL dispase (Worthington). Colons were minced with scissors 

on ice and then incubated while shaking at 250 rpm at 37°C for 30 minutes in 

horizontal 50 mL conicals. Pieces of colonic tissue remain after digestion and 

single cell solutions were maintained by filtering supernatant through 40 µm 

tissue strainer. Supernants were centrifuged and re-suspended in 40% percoll in 

a 15mL conical. 2.5 mL of 80% percoll was underlaid in conical. 80/40 percoll 

gradient was centrifuged at 470 xg for 20 min without a brake. Live cells were 

collected from the interface and washed in 45 mL of PBS 0.5% BSA (Roche), 2 

mM EDTA. This purified fraction consisted of the LPL.      
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A2.2.3 Flow cytometric analysis of IEL and LPL populations  

Flow cytometric analysis of the IEL was designed to identify colonic 

epithelial cells (EpCAM+). Cells were Fc blocked 1:200 (CD16/32 clone 93) Dead 

cells were excluded by 7AAD staining (1:500 dilution) and singlets were identified 

based on FSC-A/FSC-H comparison. With these constraints, EpCAM+ was 

identified with PeCy7-conjugate eBioscience clone G8.8 and represented 

approximately 55% of the total IEL population. Importantly, there was a small but 

significant population of CD11b+ cells (APC conjugate clone M1/70) within the 

IEL.  

Panels for LPL population analyses were designed to identify 

macrophages, monocytes/neutrophils and lymphocytes. For all panels, live cells 

were identified by 7AAD exclusion (1:500 dilution) and singlets were identified by 

FSC-A/FSC-H comparison. Cells were Fc blocked 1:200 (CD16/32 clone 93). 

 The panel conjugates used are listed here. Macrophages: CD11b (APC-

efluor780 clone M1/70), F4/80 (PE-Cy7 clone BM8); Monocytes/neutrophils: 

CD11b (PE-Cy7 clone M1/70), Ly6c (FITC clone AL-21), Ly6G (APC clone RB6-

8C5); lymphocytes: CD11b (PE-Cy7 clone M1/70), TCRβ chain (APC clone H57-

597), B220 (FITC clone RA3-6B2). 

FACS sorting for CD11b+ cells and epithelial cells were conducted from 

the LPL as many epithelial cells were isolated during this second stage of 

digestion. For sorting, singlets were identified based on FSC-A/FSC-W 

comparison and dead cells were excluded by 7AAD staining. Epithelial cells 
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(EpCAM+: PE-Cy7 clone G8.8 CD45–: APC clone 30-F11) cells were 

sorted from the live gate. Of the CD45+ fraction, CD11b+ (BV421 clone M1/70) 

cells were sorted. Flow cytometric analysis was performed on a BD Canto I and 

FACS sorting was done on a BD Influx. 

A2.2.4 Cytokine staining in LPL T cells 

Total LPL fraction was re-suspended in 1mL RPMI (Gibco) 10% FBS, 

10mM HEPES, 750 ng/mL ionomycin, 50 nM PMA, Brefeldin A (GolgiPlug BD). 

LPL were incubated in stimulation solution for 3 hours at 37° C. Following 

stimulation, cells were Fc blocked 1:200 (CD16/32 clone 93) and then surface 

stained for CD4 (PerCP-Cy5.5 RM4-5). Following surface staining, cells were 

stained with an amine-reactive, fixable viability dye (eFluor780, eBiosciences). 

Cells were fixed and permeabilized with IC fixation kit (eBioscience). Cells were 

then stained for intracellular cytokines: IFNγ (APC clone XMG1.2) and IL-17 (PE 

clone TC11-18H10).  

 

  



   

 

205 

A2.3 Results 

A2.3.1 Deletion of BAI1 does not influence the size of inflammatory 

infiltrate 

Apoptotic cell clearance promotes production of anti-inflammatory 

cytokines that can dampen the inflammatory milieu in tissues. As Bai1–/– mice 

exhibited increased disease in the setting of DSS-colitis, we went on to analyze 

how the absence of BAI1 influenced the infiltration of inflammatory monocytes 

and lymphocytes. To evaluate the inflammatory infiltrate during DSS-colitis,  

Bai1–/– and WT mice were euthanized 5 days after the introduction of DSS. The 

LPL layer was isolated and the population percentages of neutrophils, 

monocytes, macrophages, CD4+ T lymphocytes and B220+ B lymphocytes were 

analyzed by flow cytometry (Figure A2.1a). Surprisingly, despite the heightened 

disease in Bai1–/– mice, there was no shift in any population within the lamina 

propria of Bai1–/– mice relative to WT animals (Figure A2.1b).  

We then went on to analyze the activity of the CD4+ T lymphocytes from 

the LPL by assessing their production of pro-inflammatory cytokines. Importantly, 

we evaluated lamina propria lymphocytes at baseline and in DSS-treated 

animals. As we observed with the population percentages, we did not see any 

change in the production of either IFNγ or IL-17 by CD4+ T cells (Figure A2.1c, 

A2.1 d).  
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Figure A2.1: Loss of Bai1 does not alter the 

inflammatory population in the lamia propria during DSS-colitis 

(a) Gating strategy for identifying neutrophils (purple gate), monocytes (blue and 

orange gates), macrophages (green gate) and T cells (teal gate) and B cells 

(magenta gate) populations in the colonic lamina propria. Gates were set based 

on FMO samples.  

(b) Population percentage breakdowns of CD11b+ and CD11b– cells from the 

lamina propria of WT and Bai1–/– mice. Individual dots are representative of 1 

mouse.  

(c) Gating strategy for analyzing cytokine production in CD4+ T lymphocytes 

(d) Analysis of IFNγ and IL-17 production by lamina propria CD4+ lymphocytes in 

DSS-treated and untreated mice: WT (n=3) and Bai1–/– (n=4) mice for both 

treated and untreated.  Note that unstimulated cells were analyzed as controls 

and gates were set based on FMO samples.  
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A2.3.2 The Bai1Tg is expressed in macrophages from the LPL 

Expression of the Bai1Tg was driven in multiple cell-types by using a series 

of cre-drivers including the E2A-cre for global overexpression, villin-cre for 

overexpression in colonic epithelial cells and LysM-cre for overexpression in 

macrophages. Interestingly, E2a-cre Bai1Tg mice and villin-cre Bai1Tg mice 

exhibited reduced disease relative to WT mice though the same benefit was not 

observed in LysM-cre Bai1Tg mice. This was particularly surprising because 

monocytes and macrophages produce anti-inflammatory cytokines in response to 

apoptotic cell clearance, and BAI1 overexpression enhances apoptotic cell 

clearance by macrophages [131]. In order to confirm that BAI1 overexpression in 

macrophages truly does not reduce disease, we needed to confirm that lamina 

propria macrophages were in fact expressing the Bai1Tg in LysM-cre Bai1Tg mice. 

The Bai1Tg construct was designed with an IRES-GFP to allow detection of BAI1 

transcription in situ. Indeed, when we isolated lamina propria samples from E2a-

cre Bai1Tg mice and LysM-cre Bai1Tg mice, we observed GFP expression in LPL 

macrophages (Figure A2.2a, A2.2b). We also confirmed that the Bai1Tg was 

being expressed in the colonic epithelium from villin-cre mice (Figure A2.2a, 

A2.2c). Importantly, in our analysis of epithelial cells and macrophages from 

villin-cre Bai1Tg and LysM-cre Bai1Tg mice we did not observe the Bai1Tg firing in 

inappropriate tissues (Figure A2.2a).  
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Figure A2.2: Bai1Tg expression occurs in appropriate 

tissues  

(a) GFP (Bai1Tg) expression in colonic epithelial cells and LPL macrophages from 

E2a-cre Bai1Tg (n=2), LysM-cre Bai1Tg (n=5) and villin-cre Bai1Tg (n=5). u labeled 

bars indicate percentage was 0.5% or less.  

(b) Gating strategy for identification of macrophages from lamina propria and 

GFP expression within lamina propria macrophages. 

(c) Gating strategy for identification of colonic epithelial cells and GFP within the 

colonic epithelium. Red gate indicates population of CD11b+ cells that are 

isolated with IEL.   
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A2.3.3 Colonic epithelial cells express multiple PtdSer receptors 

The finding that BAI1 overexpression on the colonic epithelium reduced 

colitis-severity prompted us to question whether the colonic epithelium express  

PtdSer receptors endogenously. To assess expression, we chose to use qRT-

PCR as the antibodies for many PtdSer receptors, including BAI1, are notoriously 

poor. However, in order to properly evaluate expression, we needed to obtain a 

pure population of colonic epithelial cells. The surface protein EpCAM is a 

reliable marker of epithelial cells. Importantly, crude isolates of colonic epithelial 

cells are approximately 60% pure (A2.2c). To enhance the purity of the epithelial 

cell preps we sorted colonic epithelial cells by FACS (Figure A2.3a). Analysis of 

colonic epithelial cells from WT and Bai1–/– mice revealed expression of multiple 

promoters of phagocytosis, including Mertk, Bai1 and Mfge8 (Figure A2.3b).  
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Figure A2.3: Colonic epithelial cells express multiple 

PtdSer receptors 

(a) Sorting strategy for isolation of colonic epithelial cells. Sort was performed on 

the LPL layer after confirming that a substantial number of epithelial cells were 

isolated during LPL digestion. Blue gate was sorted as the epithelial population 

and red gate was the CD45 population.  

(b) qRT-PCR analysis of isolated epithelial cells from WT and Bai1–/– mice (n=2). 
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A2.4 Discussion 

These characterizations of Bai1–/– and Bai1Tg mice provided important 

insight in to the role of BAI1 in colitis. It was highly surprising that in spite of 

exacerbated disease, we did not observe any change in the inflammatory 

populations in the colon. Disease severity in our model of DSS-colitis was 

determined by changes in body weight and blood in the stool. As we did not see 

any changes in the inflammatory population, it is possible that the exacerbated 

disease in Bai1–/– mice was mediated at the level of the epithelial cells. Perhaps 

these mice are more susceptible to epithelial/barrier injury. Additionally, the D5 

timepoint for analysis might have prevented us from observing meaningful 

changes in either B or T lymphocytes, as it may not have been enough time to 

see an adaptive response.  

These experiments also revealed that colonic epithelial cells express 

multiple PtdSer receptors on their surface. Interestingly, MerTK expression was 

particularly high. Based on this observation it would be very interesting to 

evaluate Mertk–/– mice in the context of DSS-colitis. Additionally, it would be 

interesting to evaluate apoptotic cell accumulation in the colons of Mertk–/– mice 

at baseline.  

The observed phenotype of reduced colitis severity in Bai1Tg mice 

prompted us to consider whether BAI1 could modify disease states in other 

tissues, including retinal degeneration in Mertk–/– mice. Thus these observations 

provided part of the basis for the line of investigation described in Chapter II. 
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