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ABSTRACT 
 

The clathrin-independent endosomal system is required for cellular 

homeostasis and specialized modifications of the plasma membrane such as cell 

spreading and polarization.  Clathrin-independent endocytosis (CIE) has been 

demonstrated in adherent cells including fibroblasts and epithelial cells.   

However, non-adherent cells also have highly dynamic clathrin-independent 

pathways, which have not been well described.  Here, I have characterized Arf6-

associated clathrin-independent endocytosis (CIE) in the human T cell line Jurkat 

and identified it’s importance in immunological synapse formation.  Our findings 

indicate that the CIE pathway is similar in Jurkat cells as compared to other cell 

types including rates of endocytosis and sorting after internalization. 

  Two GTPases, Arf6 and Rab22, have been shown to regulate the clathrin-

independent endosomal system and play a role in cell spreading.  We found that 

wild type and constitutively active Arf6 co-localized with CIE cargo in resting T 

cells. Arf6 constitutively active mutant inhibited CIE cargo internalization but not 

internalization of CME cargo.  Rab22 co-localized with CIE cargo at the 

endocytic-recycling compartment.  Expression of the dominant negative Rab22 

mutant also inhibited internalization of MHCI indicating it plays a direct role in CIE 

cargo internalization. 

T cells must modify their membranes to specifically interact with antigen 

presenting cells.  To establish the role of CIE in this process, we then examined 

the role of Arf6 and Rab22 in T cell/antigen presenting cell conjugate formation.  

Both expression of dominant negative or constitutively active mutants of Arf6 
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reduced T cell conjugate formation while expression of only the Rab22 dominant 

negative mutant inhibited T cell/APC conjugate formation. Furthermore, T cells 

expressing the dominant negative mutant of Rab22 were not able to spread on 

antibody-coated coverslips that normally cause T cell activation.  These results 

indicate that the clathrin independent endosomal system is required for 

membrane remodeling events necessary for T cell conjugate formation and T cell 

spreading during activation.    

I also conducted a proteomics screen to identify binding partners of CIE 

cargo proteins. I identified multiple proteins that could possibly play a role in CIE 

internalization and discovered a subset of proteins that specifically interact with A 

cargo proteins and not B cargo proteins.   It is possible they could play a role in 

cargo retention at the plasma membrane or sorting after internalization.  Three 

proteins of interest that interact with A cargo include NHERF-1 and ezrin, which 

participate in actin arrangements, and Dlg-1, a known scaffolding protein for 

synaptic vesicles.  Ezrin and Dlg-1 co-localize with the CIE cargo protein CD98 in 

HeLa cells indicating that they could be interacting in cells.   
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CHAPTER ONE: INTRODUCTION 

1.1 Membrane Trafficking 

Membrane trafficking is the cellular process of distributing proteins, lipids, 

and macromolecules to different compartments using membrane bound vesicles.  

Distribution can include movement to an organelle, release to the outside of the 

cell (exocytosis), or internalization (endocytosis).  Membrane trafficking is divided 

into two basic pathways: the secretory pathway and the endocytic pathway 

(Figure 1).  To balance secretion, the cell uses endocytosis and recycling.  The 

balance between these pathways is critical in maintaining cellular homeostasis 

and proper plasma membrane composition.  

Transfer of material from one membrane-bound compartment to another is 

accomplished using membrane-bound vesicles or tubules that are targeted to a 

domain, dock, and then fuse with other compartments, releasing their contents. 

Altered membrane trafficking can be detrimental to human health.  Many 

diseases can be attributed to a single gene mutation that causes a change in 

protein trafficking.  The diseases are varied and include breast cancer, metabolic 

disorders such as Menkes’ disease, and neurodegenerative diseases such as 

Charocot-Marie-Tooth Disease (Howell et al 2006).  One striking example is an 

autosomal recessive disorder caused by mutations in the small GTPase Rab27.  

This causes Griscelli Syndrome, resulting in hypopigmentation of the skin and 

eyes and a defects in cytotoxic T cell function (Menasche et al 2000).  Without 

functional Rab27, cytotoxic T cells do not properly release cytolytic granules 

causing severe immunodeficiency leading to death in early childhood. 
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Multiple pathogens have evolved ways to utilize endocytic routes for entry 

into host cells (Cossart & Helenius 2014).  Certain viruses, such as Hepatitis C 

and Ebola, enter the cell via clathrin-mediated endocytosis (Aleksandrowicz et al 

2011, Blanchard et al 2006).   In contrast, another virus, the Lassa virus, been 

shown to enter cells by a clathrin-independent mechanism (Aleksandrowicz et al 

2011).  In yet another mechanism, bacterial entry is usually facilitated by a 

macropinocytic event that is clathrin-independent, as in the case of Chlamydia 

pneumonia (Korhonen et al 2012). However, recent work has shown that clathrin 

can serve as a scaffolding protein to establish a proper actin framework for 

endocytosis of other bacteria such as Listeria monocytogenes (Veiga et al 2007).  

Thus endocytic mechanisms are highly varied; understanding these processes 

may provide insight into the development of targeted therapies designed to 

combat these diseases and infections.  
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Figure 1.  Membrane trafficking is divided into two distinct pathways: the 
secretory pathway and the endocytic pathway.  The secretory pathway 
begins with production of proteins in the ER.  Proteins are trafficked through the 
Golgi and then to the cell surface.  The endocytic pathway begins at the cell 
surface.  External materials and membrane components are internalized, sorted, 
and then degraded or recycled.   
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Secretory Pathway 

The secretory pathway begins after a newly synthesized and translocated 

protein is properly folded in the endoplasmic reticulum (ER).  The ER is the 

largest membrane bound organelle in most cells.  It consists of a complex, 

continuous network of tubules and it’s characteristic shape is typically conserved 

across species (Westrate et al 2015).  It contains multiple chaperones that fold 

and modify new proteins that are to be trafficked elsewhere in the cell.  The 

lumen of the ER is topologically equivalent to the extracellular space providing an 

ideal environment for proteins to fold into their native state (Ellgaard & Helenius 

2003).  

Once folded, proteins are transported to the Golgi apparatus (GA) using coat 

protein complex II (COPII) coated vesicles.  The multiple components of the 

COPII coat allow for deformation of the membrane and simultaneous cargo 

selection (Jensen & Schekman 2011).  COPII vesicles transfer material from the 

ER to the Golgi.  Another multimeric complex, the coat protein complex I (COPI), 

is responsible for mediating a retrograde flow of normally resident ER proteins 

that have escaped (Duden 2003, Hsu et al 2009). 

Endocytic Pathway 

Endocytosis is a cellular process that is used for nutrient uptake, signaling, 

and turnover of plasma membrane proteins and lipids and, as described above, 

can be exploited by pathogens to facilitate entry into the cell.  During the process 

of endocytosis, the external environment is internalized into vesicles.  

Subsequent trafficking allows for sorting, recycling, or degradation of proteins 
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(Figure 1).  Recycling of proteins back to the plasma membrane can provide a 

mechanism to rapidly re-distribute cellular membranes to a directed location. 

Endocytosis can be divided in to three general types: phagocytosis, 

macropinocytosis, and pinocytosis  (Figure 2).  Pinocytosis has been further 

classified as defined by the molecular players involved in membrane 

endocytosis. 

Phagocytosis 

Phagocytosis in vertebrates is mostly executed by cells within the immune 

system called phagocytes. Phagocytosis involves the engulfment of large, 

extracellular materials such as bacteria.  This process is dependent on actin and 

there is no known associated coat protein (Flannagan et al 2009).  It has been 

hypothesized that early single-celled organisms performed phagocytosis and 

thus acquired symbiotic bacteria.  This acquisition led, eventually, to the 

evolution of the mitochondria and triggered eukaryogenesis (Yutin et al 2009).   

Phagocytosis in immune cells is a highly specialized form of endocytosis. 

It is triggered by a foreign microorganism or an apoptotic cell’s interaction with 

cell receptors on the immune cell.  Binding of these particles leads to signaling 

events in the cytoplasm of the immune cell.  This signaling initiates actin 

rearrangement and engulfment of the particle (Figure 2i).  After internalization, 

the cell recruits hydrolases and gradually increases the acidity of the 

compartment.  This destroys the object that was engulfed without damage to the 

surrounding tissue (Flannagan et al 2012).  Phagocytic cells are critical for the 

clearing both infectious pathogens and cell debris. 
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i. Phagocytosis ii. Macropinocytosis iii. Pinocytosis

(a) (b) (c) (d) (e)

Pathogen

Actin

Arf6

Clathrin

Dynamin Endophilin A2

CaveolinGRAF1

Figure 2. The endocytic pathway is diverse and uses multiple mechanisms 
to internalize extracellular fluid, solutes, and plasma membrane.  i) 
Phagocytosis is used to engulf large particles like pathogens.  It is actin 
dependent.  ii) Macropinocytosis is also actin dependent and occurs at ruffling cell 
membranes.  iii) There are multiple mechanisms of pinocytosis.  a) Clathrin-
mediated endocytosis uses a clathrin coat and dynamin for internalization.  b) The 
Arf6 associated pathway is dynamin independent and forms small vesicles.  c) 
CLIC-GEEC pathway uses tubular endosomes and is associated with GRAF1.  d) 
FEME pathway is also associated with tubular endosomes and endophilin A2.  e) 
Caveolae may play a role in endocytosis in certain cell types.  It is dependent on 
the caveolin proteins.  
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Macropinocytosis 

Macropinocytosis is similar to phagocytosis in that it is capable of 

internalizing solid particles in an actin-dependent manner (Figure 2ii).  However, 

macropinocytosis is usually associated with ruffling cell membranes and cannot 

engulf larger particles (Swanson & Watts 1995).  Macropinocytosis causes the 

formation of macropinosomes, which are defined as being 200-1000 nm in 

diameter.   

Different macropinosomes have different fates depending on the cell type.  

For example, a dendritic cell is a specialized immune cell that samples the 

extracellular environment and then processes and presents foreign peptides that 

it has internalized.  This presentation activates the immune response.   

Macropinosomes in dendritic cells traffic to different endocytic compartments 

where they segregate plasma membrane proteins for recycling or degradation 

(Sallusto et al 1995).  In a different immune cell, the macrophage, 

macropinosomes gradually shrink and acidify to destroy the contents of the 

macropinosome (Swanson & Watts 1995).   

Pinocytosis 

The molecular regulators of pinocytosis have been more characterized 

than those that regulate macropinocytosis.  In this endocytic mechanism, cell 

surface proteins and extracellular fluid are internalized in very small vesicles, 

typically less than 100 nm (Figure 2iii).  Almost all cells continually use 

pinocytosis to internalize solutes and fluids.  Pinocytosis occurs in many forms 

and is cell type and environment specific.  Pinocytosis is divided into two general 
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types to include clathrin-mediated endocytosis (CME) and clathrin-independent 

endocytosis (CIE) (Figure 2iii, a-e).    

Clathrin-Mediated Endocytosis 

Clathrin-mediated endocytosis is a constitutive process, is a highly 

efficient entry mechanism, and is well characterized at the molecular level.   Early 

electron microscopic images of the formation of the clathrin cage around 

incoming vesicles suggested to scientists how proteins were being internalized 

(Kanaseki & Kadota 1969, Roth & Porter 1964).  Clathrin coated vesicles were 

then subsequently isolated from different tissues and the main protein 

components were characterized (Pearse 1976).  The clathrin triskelion is 

composed of three heavy chains and three light chains, which assemble on 

membranes to form a clathrin cage.  Clathrin acts at many places within the cell 

and not only in the endocytosis of plasma membrane proteins.   For example, it is 

used in the formation of vesicles at the trans Golgi network (TGN) for delivery to 

endosomes (Hinners & Tooze 2003).  

Clathrin coated pits at the cell surface form when adaptor proteins 

recognize a CME internalization sequence on the cytoplasmic tail of cargo 

proteins (Figure 2iii, a).  Multiple adaptor proteins have been identified including 

adaptor proteins 1-5 (AP1-5), gamma-ear-containing Arf-binding proteins 

(GGAs), and epsin.  The adaptors vary in structure with the AP1-5 forming a 

heterotetrameric complex, while the GGAs are monomers.  Internalization 

sequences vary and can include linear sequences, folded domains, and even 

post-translational modifications such as the addition of ubiquitin (Traub & 
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Bonifacino 2013).  Once cargo is recognized, the adaptor proteins sequester the 

proteins on the membrane and concentrate clathrin triskelia around the 

cytoplasmic tail.  Clathrin interacts with the adaptor proteins to form a lattice 

surrounding the newly forming vesicle.  The coated structures vary in size with 

smaller vesicles found in the brain (70-100 nm) and larger vesicles in epithelia 

(100-150 nm) (Kirchhausen et al 2014). 

Following vesicle formation, there is a scission event mediated by the 

GTPase dynamin.  Exact details of scission remain unknown, but there is 

evidence that dynamin assembles on the neck of budding vesicles.  There is a 

subsequent GTP hydrolysis event creating a conformational change that causes 

scission of the membrane (Ferguson & De Camilli 2012).  To test the function of 

dynamin in vesicle formation, Damke et. al. expressed a plasmid construct 

encoding a dominant negative mutation in dynamin (Damke et al 1994).  This 

prevented internalization of CME cargo proteins. However, it is important to note 

that the cells could still perform endocytosis without a functioning CME pathway.  

Following scission of a clathrin-coated vesicle, the endosome is then uncoated 

using the ATPase heat shock cognate 70 and auxillin (Schlossman et al 1984, 

Ungewickell et al 1995).  Uncoating is required for continued trafficking of CME 

cargo proteins. 

The transferrin receptor was one of the first proteins identified as clathrin-

dependent cargo, and it has proved to be a useful tool for studying the CME 

pathway.  Iron-loaded transferrin can efficiently be tagged with a fluorophore.  

Once introduced to the cell at 37oC, the labeled transferrin binds the receptor and 
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acts as a proxy to monitor transferrin receptor trafficking.  After internalization, 

transferrin enters early endosomes that are associated with a tether called early 

endosomal antigen 1 (EEA1) (Figure 3).  A change in endosomal pH causes 

release of iron from the transferrin receptor. The receptor and its associated 

apotransferrin, are quickly recycled or trafficked to the endocytic-recycling 

compartment located in the peri-nuclear region.  

Clathrin mediated endocytosis is a constitutive process and a highly 

efficient entry mechanism.  Internalization of a specific cell surface protein is 

often up-regulated in the presence of ligand to quickly propagate and then end 

signaling events.  For example, the activation of a receptor tyrosine kinase (RTK) 

from an external growth factor increases turnover and leads to down regulation of 

the RTK from the cell surface (Goh & Sorkin 2013). Thus, the cell uses CME as a 

way to reduce available receptors on the surface.  It is important to note that 

internalization is not regulated by the availability of clathrin or adaptor proteins.  

Exposing masked internalization sequences on the cytoplasmic tail of cargo, 

which initiates internalization, regulates it.  Newly exposed sequences compete 

for binding to adaptor proteins to enter the vesicle.     

CME has been shown to be present in virtually all nucleated cells, and 

recent data indicates its importance in immune cell polarization and function.  

When clathrin is knocked down in Jurkat T cells, the cells cannot become 

properly activated (Calabia-Linares et al 2011).   The authors claim that clathrin 

is acting as a signaling platform to recruit proteins and actin required for immune 

cell function.   
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Figure 3. Clathrin-mediated endosomal pathway. The CME pathway uses 
clathrin to internalize cargo proteins.  Cargo can be directly recycled to the 
plasma membrane or it can be trafficked to Rab5, and then EEA1 positive 
vesicles.  It is then sorted to lysosomes for degradation or recycled through 
the endocytic-recycling compartment.    

 



	 28	

Clathrin-Independent Endocytosis 

Clathrin-independent endocytosis is a constitutive process similar to 

clathrin-mediated endocytosis and its existence in mammalian cells, drosophila, 

yeast (Prosser et al 2011) and worms (Shi et al 2007) indicates it as an 

important, evolutionarily conserved, process.  Cells internalize the equivalent of 

their cell surface one to five times per hour using endocytosis (Steinman et al 

1983). While CME is well characterized at the molecular level, CIE is less well 

understood even though it is estimated to account for a large amount of plasma 

membrane recycling: up to 90% in some cell types (Howes et al 2010).   

This pathway does not appear to use adaptor proteins or the clathrin coat 

to form vesicles. The absence of a coat used for internalization and the inability 

to inhibit CIE with genetic or chemical tools has made it difficult to study. As a 

result, CIE is a much less well-characterized cellular function than clathrin-

mediated endocytosis.  CIE is also a much more diverse entry mechanism and 

cells use multiple strategies to internalize membrane components and fluid 

(Figure 2iii, b-e). Each type varies in its cellular function and the size of vesicles it 

creates.  The existence and robustness of each CIE pathway is cell type and 

environment specific (Johannes et al 2015).  

 One type of CIE is associated with the small GTPase ADP-ribosylation 

factor 6 (Arf6) (Figure 2iii, b).  Arf6, like other GTPases, cycles between its active 

guanosine-5'-triphosphate (GTP) bound state and its inactive guanosine 

diphosphate (GDP) bound state.  While Arf6 is not required for internalization of 

cargo, it is required for subsequent sorting.  During endocytosis in the Arf6- 
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associated pathway, internalization occurs through mechanisms that have not yet 

been identified.  After internalization, the cargo-filled vesicle is thought to fuse 

with an endosome associated with Rab5, another GTPase associated with early 

endosomes, and phosphoinositide 3-kinase (PI3K) (Grant & Donaldson 2009). 

CIE cargo proteins are actively sorted out of this endosome (Figure 4).   

Several cell surface proteins are internalized by CIE.  For example, the 

protein major histocompatibility complex class I (MHCI) is internalized and sent to 

Rab5 endosomes and then to endosomes associated with early endosome 

antigen 1 (EEA1).  The EEA1 vesicle is a vesicle common to both CME and CIE.   

From the EEA1 compartment, MHCI can be trafficked to the endosomal-recycling 

compartment.  Cargo can also be sent to intraluminal vesicles to form multi-

vesicular bodies (MVBs). MVBs then fuse with lysosomes, which contain 

lysosomal associated membrane protein 1 (LAMP1).  Here, they are degraded.  

Within the CIE pathway, proteins with a trafficking pattern similar to MHCI have 

been designated as B-cargo.   

Other proteins, like CD98, are endocytosed and mostly avoid EEA1 

positive compartments (Figure 4).  Instead they are maintained in small vesicles 

near the periphery or they are recycled back to the plasma membrane through 

recycling tubules (Eyster et al 2009).  CD98 normally avoids degradation in 

LAMP1 compartments.  However, its trafficking can be altered and the protein 

down regulated upon ubiquitination.  CD98 is a substrate for the membrane-

associated RING-CH 8 (MARCH8) E3 ligase (Eyster et al 2011).  Direct recycling 

cargo like CD98 have been designated as A-cargo.   
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Closer examination of sorting within the Arf6 CIE pathway showed the 

requirement for Hook1.  Hook1 is a microtubule-binding protein that interacts with 

acidic amino acid clusters located in the cytoplasmic tail of CIE cargo proteins 

(Maldonado-Baez et al 2013).  During sorting, Hook1 connects the cargo protein 

to microtubules so that it can be actively sorted out of the endosome and 

recycled (Figure 4).  Differential sorting of A and B cargo are characterizing 

features of Arf6-associated CIE.    

Arf6 has many interactions in the cell and likely affects endocytosis and 

recycling at multiple points within the pathway.    It is currently hypothesized that 

Arf6 is active during the earliest endocytic events and must be switched off 

before sorting can occur.  When the constitutively active mutant of Arf6 is 

overexpressed, cargo becomes trapped in Arf6 positive vesicles that do not fuse 

with endosomes containing EEA1.  Subsequent sorting for recycling or 

degradation is blocked (Naslavsky et al 2003).  It is also thought that Arf6 must 

again be activated to return membrane to the cell surface as expression of the 

dominant negative form of Arf6 (T27N) slows recycling of CIE cargo proteins. 

Cargo for the Arf6-associated pathway is highly variable in function and 

many cell surface proteins that are trafficked through this pathway have been 

identified including CD44, CD98, and CD147 (Eyster et al 2009). Interestingly, 

some CIE cargo proteins are important for the T cell generated immune 

response.   For example, CD44 is involved in T cell adhesion and migration.  

There are increased CD44 protein levels during activation and it plays a role in 

programmed cell death to turn off the immune response (McKallip et al 2002), 
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(Mielgo et al 2007).  CD98 is an amino acid transporter that also plays a role in 

adhesion.  In activated T cells, CD98 protein levels are increased and it is critical 

for normal T cell expansion possibly due to an increase in metabolism (Cantor et 

al 2011). Another CIE cargo, CD147, a metalloproteinase-inducing protein, has 

been shown to be a negative regulator of T cell activation as over-expression of 

CD147 blocks T cell activation (Ruiz et al 2008). 

Another distinct CIE pathway that has been extensively examined using 

electron microscopy is the clathrin-independent carriers and GPI-enriched 

endocytic compartments (CLIC-GEEC) pathway.  Internalization occurs through 

tubular structures that are formed from the plasma membrane (Figure 2iii, c).  

CLIC-GEEC does not require dynamin for vesicle scission but is sensitive to 

inhibition of cell division control protein 42 (Cdc42) (Howes et al 2010).  As the 

name suggests, these internalized membranes contain a high concentration of 

GPI-anchored proteins.  The small GTPase Arf1 plays a role in CLIC-GEEC 

internalization and cholesterol and actin are also required (Kumari & Mayor 

2008).  Another previously identified molecular player is the GTPase regulator 

associated with focal adhesion kinase-1 (GRAF1).  GRAF1 exhibits GAP activity 

for the small G proteins RhoA and Cdc42 and contains an N-terminal Bin-

Amphiphysin-Rvs (BAR) domain capable of deforming membranes (Lundmark et 

al 2008).  It is required for proper CLIC-GEEC vesicle formation.  While cargo 

proteins for this pathway include GPI-anchored proteins, toxins are also capable 

of entering cells using CLIC-GEEC endocytosis.   
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Two areas of CIE that are still under active investigation include fast 

endophilin- mediated endocytosis pathway (FEME) and caveolar endocytosis.  

The FEME pathway is a recently recognized pathway for endocytosis.  It is 

characterized by tubulovesicular endosomes arising from the plasma membrane 

and its association with endophilin A2 (Figure 2iii, d).  This pathway is similar to 

CME in that receptor internalization can be stimulated with ligand binding and is 

dependent on dynamin.   However, it does not require clathrin or AP2.  

Endophilin A2 associates with early endosomes in this pathway and it is believed 

to act by concentrating dynamin to perform scission (Ross et al 2011).  FEME is 

actin-dependent and cycling of the GTPase Rac is required for endocytic events 

(Boucrot et al 2015).  Inhibiting the GTP-binding protein Cdc42 activates this 

pathway and FEME is very prominent at the leading edge of cells.  Cargo 

proteins for this pathway include a large number of G protein coupled receptors. 

The other area of active investigation involves caveolin and it’s role in 

endocytosis.  The ability of caveolin to form small invaginations, or caveolae, on 

the plasma membrane and at the Golgi has made it an interesting candidate for 

having a role in CIE (Figure 2iii, e).  Caveolae are 50-100 nm in diameter and are 

present mainly in endothelial cells, smooth muscle, macrophages, and fibroblasts 

(Williams & Lisanti 2004a).  It is difficult to determine whether caveolae play a 

direct role in endocytosis or just receptor clustering and signaling (Williams & 

Lisanti 2004b). 

In conclusion, endosomal trafficking is a complicated and highly 

coordinated set of events used by the cell to maintain the proper components of 
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the plasma membrane, to target proteins, pathogens, and receptors for 

degradation, and to regulate signaling.  The pathways of membrane trafficking 

involving endocytosis are very diverse and the cell uses multiple methods to 

internalize plasma membrane and its components.  Endocytosis and recycling 

are critical to establishing domains at the cell surface required for signaling and 

migration.    
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1.2 Small Monomeric GTPases 

 Guanosine triphosphatases (GTPases), also called guanine nucleotide 

binding proteins (G proteins), are small, monomeric enzymes. In general, they 

control and direct membrane trafficking, although the method by which they do 

this varies depending on the GTPase.   They are active when bound to 

guanosine triphosphate (GTP) and inactive when bound to guanosine 

diphosphate (GDP) (Figure 5).   

The exchange of GTP for GDP is catalyzed using guanine nucleotide 

exchange factors (GEFs).  In the cytosol, GTP is present in the cell at higher 

concentrations than GDP.  GEFs displace GDP from the GTPase and it is quickly 

replaced with GTP.  Once bound to GTP, the GTPase undergoes conformational 

changes in regions that have been termed Switch I and Switch II (Pfeffer 2005). 

This change allows the GTPase to interact with downstream effectors resulting in 

different cellular processes (Cherfils & Zeghouf 2013).  Most GTPases hydrolyze 

GTP at a slow intrinsic rate.  The rate is low enough in some GTPase proteins to 

be negligible (Donaldson & Jackson 2011).  To enhance this reaction, the cell 

uses GTPase activating proteins (GAPs).  GAPs efficiently hydrolyze GTP to 

GDP making the GTPase inactive.  Two specific GTPases associated with 

clathrin-independent endocytosis include ADP ribosylation factor 6 (Arf6) 

(Radhakrishna & Donaldson 1997) and Rab22 (Naslavsky et al 2003, Weigert et 

al 2004).   
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Arf6 

 ADP ribosylation factors (Arfs) were originally identified as guanine 

nucleotide binding proteins that participated in cholera toxin dependent indirect 

activation of adenylate cyclase activity by ribosylating the GαS subunit (Kahn & 

Gilman 1986).  Arfs are small (~20 kilodaltons), monomeric GTPases that are 

ubiquitously expressed.  They perform three main functions within a cell: 

maintenance of organelle structure, formation of coated vesicles and activation of 

enzymes to modify phospholipids (Cohen & Donaldson 2010).  There are six Arf 

proteins in mammals that have been divided into three classes.  Class I contains 

Arfs 1, 2, and 3 and class II is composed of Arf4 and 5.  Class I and II mainly 

function in the secretory system.  Class III contains only Arf6, which is found on 

the plasma membrane (Isabet et al 2009). 

 Arf6 is least similar in function to other Arfs.  One unique property is that it 

has an isoelectric point (pI) of 8.5-9.5, while other Arfs are neutral.  There is also 

an amino terminal amphipathic helix, which is critical for membrane binding and 

may function to target Arf6 to the plasma membrane (Jackson et al 2000).  Arf6 

is N-terminally myristoylated and it is likely that this myristoylation and positive 

surface charge keep Arf6 near the plasma membrane (Donaldson 2003).   

 Like other GTPases, Arf6 cycles between the GTP-bound active state and 

the GDP-bound inactive state.  When active, Arf6 has numerous downstream 

effector proteins including lipid modifiers that can subsequently affect plasma 

membrane dynamics (Nie et al 2003).  One of these effectors is 

phosphatidylinositol 4-phosphate 5-kinase (PIP5K).  PIP5K synthesizes 



	 38	

phosphatidylinositol 4,5- bisphosphate (PtdIns[4,5]P2), hereafter referred to as 

PIP2.  PIP2  hydrolysis generates inositol 1,4,5-trisphosphate (InsP3) and 

diacylglycerol (DAG), which both act as chemical messengers (Loijens et al 

1996).  PIP5K was purified as a direct interactor of Arf6 (Honda et al 1999).  It 

was shown that Arf6 stimulation of PIP5K is required for recycling of endosomal 

membranes that are derived in a clathrin-independent manner.  Subsequent 

recruitment of a GAP, ArfGAP with coiled-coil ankyrin repeat and pH domains 1 

(ACAP1), brings Arf6 back to the inactive state (Brown et al 2001).  Arf6’s 

interaction with PIP5K is also regulated through a GEF called cytohesin 2.  

Cytohesin 2 and Arf6 influence actin-binding proteins in the growth cone of 

neurons (Hernandez-Deviez et al 2004).  This regulates axon extension and 

branching in primary neurons.     

The PIP5K/Arf6 interaction also plays a role in clathrin-mediated 

endocytosis. Clathrin coated pits contain PIP5K.  Arf6 stimulates formation of 

PIP2 at these pits to facilitate clathrin/AP2 coated pit nucleation (Krauss et al 

2003).  Other evidence linking Arf6 to CME is that Arf6 binds to a GAP called 

stromal membrane associated GTPase activating protein 1 (SMAP1).  SMAP1 

binds clathrin directly and is required for internalization of CME cargo proteins 

(Tanabe et al 2005).  SMAP1 connects Arf6 GTPase activity to CME.  A more 

recent development showed that the connection between Arf6 and CME involves 

endophillin, a bar-domain containing protein and the GEF EFA6 (Boulakirba et al 

2014).  EFA6 is thought to recruit endophilin to particular areas of the plasma 

membrane, where it is also bound to active Arf6.   
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Arf6 is also responsible for recycling of plasma membrane and its 

associated proteins (Radhakrishna & Donaldson 1997).  One way it alters 

membrane composition is through the downstream effector phospholipase D 

(PLD), an enzyme that catalyzes the formation of phosphatidic acid (PA).  PA 

acts as a lipid messenger to mediate vesicle transport.   PLD localizes to 

endosomes and lysosomes with inactive Arf6 (Toda et al 1999).  Expression of 

Arf6 mutants that are defective in activating PLD inhibits membrane recycling 

(Jovanovic et al 2006).   

Arf6 also controls membrane recycling through a cascade involving 

Rab35.  When Arf6 becomes activated, it can recruit a GAP, EPI64B for Rab35 

that switches Rab35 off.  Interestingly Rab35-GTP recruits ACAP1 and 2, which 

act as GAPs for Arf6 (Kobayashi & Fukuda 2012, Miyamoto et al 2014).  These 

proteins acting together control an endocytic pathway essential for proper 

cytokinesis (Chesneau et al 2012).  The Arf6/Rab35 interaction is also 

responsible for recycling of cell adhesion molecules in polarized epithelial cells 

(Allaire et al 2013).  The interplay between Rab35 and Arf6 is also required for 

proper sorting of CIE cargo proteins, as knock down of the CME pathway by 

multiple methods altered CIE cargo sorting and degradation.  These phenotypes 

could be rescued by over-expression of Rab35, which is associated with the 

CME pathway, or by overexpression of ACAP1 (Dutta & Donaldson 2015)    

Not only does Arf6 control endocytosis and recycling, it is also helps to 

target recycling vesicles to particular areas of the plasma membrane (D'Souza-

Schorey et al 1998).  Arf6’s interaction with cytohesin 2 targets endosomes to the 
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axonal plasma membrane in neurons (Hernandez-Deviez et al 2007). Arf6 can 

also target recycling membrane to ruffling edges of cells (Prigent et al 2003).  

This targeting occurs through an Arf6 interaction with part of the exocyst complex 

involved in docking vesicles to the plasma membrane.  

Arf6 effector proteins can dramatically alter the actin cytoskeleton.  These 

effects can be uncoupled, providing evidence that Arf6 is acting either as a 

phospholipid modifier or in cytoskeleton rearrangement (Al-Awar et al 2000).  

GTP bound Arf6 indirectly interacts with Rac1, a GTPase responsible for actin 

polymerization at the plasma membrane (Boshans et al 2000, D'Souza-Schorey 

et al 1997).  Actin polymerization through Arf6 can also be influenced by EFA6.  

EFA6 is an Arf6 GEF capable of inducing membrane ruffles, which is an actin-

dependent process.  It can affect membrane distribution and recycling (Franco et 

al 1999).  Active Arf6 can also alter the actin cytoskeleton by indirectly interacting 

with the WASP family verprolin-homologous (WAVE) complex.  The WAVE 

complex is responsible for the highly dynamic actin rearrangements required for 

cell adhesion, migration, and division.   Arf6 can indirectly target the WAVE 

complex to the plasma membrane through a GEF called cytohesin 2.  This 

interaction creates a mechanism for Arf6-driven actin polymerization (Humphreys 

et al 2013).  

 Arf6 interacts with two scaffolding proteins, JNK-interacting proteins 3 and 

4 (JIP3, 4).  JIP proteins play a role in c-Jun N-terminal protein kinase signaling, 

which is important for brain development, neuronal trafficking, and apoptosis 

(Whitmarsh 2006).  When Arf6 is bound to GTP, it can bind the JIP proteins.  
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This increases JIPs interaction with the dynein activator complex, leading to 

motor attachment and vesicle movement during cytokinesis (Montagnac et al 

2009).  Arf6 binding to JIP3 also controls elongation and branching of neurons 

(Suzuki et al 2010).   

The importance of Arf6 in immune cell function has not been fully defined, 

although expression in lymph nodes is higher than in any other tissue in the body 

(Source 2000).  One study found that Arf6 must be in the GDP bound state 

during conjugate formation (Tzachanis et al 2003).  However, several questions 

still remain about this study and the methods that were used.  Arf6 plays a role in 

membrane reorganization, endocytosis, recycling, and targeting of endosomes.  

All of these functions are required for T cell conjugate formation with an APC.  

Therefore it is likely that Arf6 acts as a regulator of T cell conjugate formation and 

subsequent T cell activation.   

Rab22 

 Rabs are small, monomeric GTPases that cycle between a GTP bound 

active state and a GDP bound inactive state.  Rabs play a role in modulating 

tubulovesicular trafficking within the secretory and endocytic pathways (Stenmark 

2009).  This modulation occurs through Rab interactions with tethering proteins 

and membranes as well as their ability to connect motor proteins to vesicles. 

Over 60 Rabs have been identified in humans but only a small subset has been 

fully investigated. 

The carboxyl terminus of Rab proteins have a prenyl lipid group that is 

required for its interaction with the membrane (An et al 2003).  Rabs are usually 
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maintained in the cytoplasm in the GDP bound state using a GDP disassociation 

inhibitor (GDI) (Dirac-Svejstrup et al 1997).   This cytoplasmic sequestration of 

Rabs by GDIs could provide another level of Rab activation control and targeting.   

Although there are several Rabs with similar amino acid sequences, they 

have distinct locations within a cell (Zerial & McBride 2001).  Targeting is most 

likely accomplished using several factors including double prenylation of the C-

terminus and their association with interacting proteins.  Also, Rabs contain a 

highly variable region in their C-terminus that dictates their location and binding 

partners (Stenmark 2009).   

One particular Rab that has been implicated in endosomal trafficking is 

Rab22.  Rab22 is only present in vertebrates (Brighouse et al 2010, Pereira-Leal 

& Seabra 2001).  It has a 52% sequence identity to Rab5, another Rab active in 

early endosome formation (Olkkonen et al 1993).  Rab22 is a known Rabex-5 

effector, which acts as a GEF for Rab5 (Zhu et al 2009).  In this sequence of 

protein interactions, Rab22-positive vesicles recruit Rabex-5, activating Rab5, 

and initiating early endosomal events. Rab22 also interacts with EEA1, a 

tethering protein, which regulates the dynamics of early endosomal movement 

(Zhu et al 2009). 

Rab22 is localized to the endocytic recycling compartment and the plasma 

membrane, accounting for its role in internalization and recycling.  Expression of 

the Rab22 dominant negative mutant reduces the rate of bulk internalization 

(Mesa et al 2001). Knockdown of Rab22 reduces the rate of recycling of multiple 

CME cargo proteins back to the plasma membrane.  These cargos include the 
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transferrin receptor (Magadan et al 2006), epidermal growth factor (Kauppi et al 

2002), and the copper transporter ATP7A (Holloway et al 2013).  Rab22 also 

plays a role in recycling CIE cargo proteins to the cell surface (Maldonado-Baez 

et al 2013, Weigert et al 2004).  Maldonado-Baez et al. (2013) also observed a 

defect in cell spreading when Rab22 was knocked down, which could be due to 

the lack of recycling of CIE membranes. 

Overall, small monomeric GTPases are critical for endosomal trafficking.  

Further characterizing their location, function, and binding partners will clarify our 

understanding of the role they play in membrane movement and in establishing 

unique plasma membrane environments important for polarity and signaling.  The 

role of small GTPases within the immune system is not well studied.  However, it 

is likely that Arfs and Rabs play critical roles in immune cell function and 

communication.   
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1.3 The Immune System 

The immune system is a highly evolved coordination of multiple cell types 

used to protect the organism from invading pathogens.  All multicellular 

organisms have some form of protection from the external environment.  

Invertebrates possess an innate immune system which uses relatively simple 

defense strategies like barriers and phagocytic cells (Alberts 2002).   Vertebrates 

have evolved the adaptive immune system, which is much more sophisticated 

than the innate system because it can change to provide specificity and longevity 

to the immune response (Bedoui et al 2016).  

Adaptive responses are carried out by lymphocytes.  Lymphocytes include 

antigen-presenting cells (APCs) like dendritic cells and macrophages, B cells, 

killer T cells, and helper T cells.  The importance of endocytosis during activation 

of the immune system cannot be overstated.  The immune response begins 

when APCs internalize foreign pathogens or toxins.  These pathogens or toxins 

are then processed into antigens and trafficked to the cell surface for 

presentation and subsequent immune cell activation.  Endocytic trafficking in 

immune cells also ensures that these cells have the appropriate plasma 

membrane composition.  There are multiple cell surface receptors required for an 

efficient immune response.  Analyzing membrane trafficking in immune cell types 

is critical to our understanding of the immune system. 

Antigen Presentation 

All nucleated cells use MHCI molecules to present endogenous antigens.  

Cells constitutively process endogenous proteins for presentation to immune 
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cells.  Cells target damaged or old proteins for degradation with ubiquitination.  

The ubiquitin post-translational modification system uses multiple enzymes to 

attach ubiquitin, a small protein, in different combinations at different locations on 

endogenous proteins that need to be degraded (Welchman et al 2005).  Ubiquitin 

in the right location targets these endogenous proteins to the proteasome.   

The proteasome is a large multi-subunit protein that is shaped like a 

cylinder with proteolytic activities in the center that function similar to caspase, 

trypsin, and chymotrypsin (Tsakiri & Trougakos 2015).  It releases peptides that 

are then transferred to the lumen of the endoplasmic reticulum through 

transporter associated with antigen processing (TAP) (Figure 6) (Abele & Tampe 

2004).  Antigens are further processed to 14-20 amino acid sequences in the ER 

and loaded on to MHCI (Mohan & Unanue 2012).  Once peptide loaded, MHCI is 

trafficked to the cell surface it can interact with a T cell displaying the T cell 

receptor (TCR) and a co-receptor called CD8.  If the antigen that is loaded on 

MHCI is recognized as foreign, the T cell will become activated, a highly 

specialized cellular function that will be discussed in detail later.    

This pathway constitutively presents endogenous peptides to the immune 

system.  However, if a cell becomes infected or cancerous, it begins to produce 

proteins that are atypical.  These proteins are targeted to the proteasomes by 

ubiquitination and loaded on MHCI, similar to old or damaged proteins.  

While all cells possess MHCI for peptide display, only professional antigen 

presenting cells (APCs) express and present peptide on major histocompatibility  



	 46	

   

Plasma  
Membrane 

Endoplasmic  
Reticulum 

Intracellular proteins 

Proteasome 

TAP transporter 

MHCI 
Antigen 

Figure 6. MHCI is loaded with antigen in the endoplasmic reticulum.  
Proteins are constitutively degraded in the proteasome.  Degraded fragments 
are transferred to the ER through TAP.  Chaperones aid to load MHCI with an 
antigen.  MHCI is then trafficked through the secretory pathway to the cell 
surface. 
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complex class II (MHCII) under normal, uninfected conditions.  Foreign antigens 

are acquired by APCs from the surrounding environment using all forms of 

endocytosis including macropinocytosis and phagocytosis.  After internalization, 

antigens are degraded in multi-vesicular bodies (MVBs) (Figure 7).  MVBs are a 

type of late endosome whose contents can be sorted for return to the plasma 

membrane, released to the extracellular space, or sent to late endosomal 

compartments for degradation (Piper & Katzmann 2007).  The environment of the 

MVB is acidic (6.0-5.0) and has multiple proteolytic enzymes and reductases 

(Trombetta & Mellman 2005).  The MVB contains cellular proteins that have been 

degraded into amino acid fragments that are 18-20 residues in length (O'Brien et 

al 2008).  These fragments are loaded onto MHCII molecules for presentation to 

other immune cells. 

MHCII, like other proteins, is produced in the ER where it is bound to a 

protein termed invariant chain (Ii).  MHCII is trafficked to the cell surface and Ii 

prevents antigen binding during trafficking.  Ii-bound MHCII is endocytosed in a 

clathrin dependent manner and then trafficked to the MVB (Walseng et al 2008).  

Within the MVB, MHCII undergoes slight degradation, removing most of the Ii 

protein.  Another enzyme, human leukocyte antigen- DM (HLA-DM), facilitates 

full removal of Ii from MHCII allowing it to be loaded with the available antigens 

(Roche & Furuta 2015).  MHCII is then trafficked to the cell surface where it can 

interact with its cognate receptor, the T cell receptor on T cells.  Subsets of T 

cells display a co-receptor called CD4.  CD4 interacts with MHCII present on the 

APC to provide stability to the complex (Artyomov et al 2010).    
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Figure 7.  MHCII is peptide loaded in a late endosomal compartment.  
MHCII is bound to invariant chain (Ii), secreted from the ER and trafficked to the 
plasma membrane.  After internalization by CME, it enters an endosome where 
Ii becomes disassociated.  It is loaded with antigens that are produced from 
endocytosis and subsequent degradation of extracellular molecules.  After 
MHCII binds an antigen, it is again trafficked to the cell surface for presentation 
to a T cell.  Subsequent internalization of peptide loaded MHCII is clathrin-
independent.   
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When TCR and CD4 on the T cell interact with foreign peptide loaded MHCII on 

the APC, the T cell becomes activated.  

B cells 

B cells are a highly specialized cell type that function in two ways to elicit 

an immune response.  First, they act as APCs, endocytosing and presenting 

antigens on MHCII to CD4+ T cells.  When the T cell recognizes the foreign 

antigen, it initiates a signaling cascade leading to T cell activation and cytokine 

release from both cell types.   

The second way a B cell affects immunity is through production of 

antibodies.  The B cell receptor (BCR) is an immunoglobulin with a 

transmembrane domain inserted into the plasma membrane of each B cell.  Each 

BCR is unique in its ability to bind and affinity for foreign peptides.  When bound 

to its cognate foreign antigen sequence, the BCR initiates signaling in the B cell 

to release cytokines and alter transcription.  The B cell then interacts with CD4+ 

T cells to initiate full differentiation and a memory response.  B cells eventually 

become plasma cells secreting antibodies or they transition to memory B cells 

and are maintained for future encounters with the same pathogens. 

T cells 

T cells play a major role in the formation, maintenance, and repression of 

the adaptive immune response through their recognition of foreign antigens and 

their ability to interact with other cells. T cells are small cells (~7uM diameter) that 

are mostly found in the lymph (70% lymph, 20% spleen, 5% circulating in blood) 

(Rougerie & Delon 2012).  They are classified by the role they play in the 
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immune system and they include natural killer, cytotoxic, and helper T cells 

(Table 1).  All T cells express the T cell receptor (TCR), which is a heterodimer 

with disulfide bonds of the highly variable alpha and beta chains and the invariant 

CD3 molecule (Wucherpfennig et al 2010). Using the TCR-CD3 complex, T cells 

can recognize foreign antigens presented on MHC molecules of other cell types.  

Natural killer T cells (NKTs) are a subset of T cells comprising about 1% of 

the total T cell population.  Despite their name, they are not capable of killing 

target cells directly.  Instead, they recognize foreign lipids and glycoproteins 

being presented on CD1 molecules (Macho-Fernandez & Brigl 2015).  Once 

stimulated, they rapidly release cytokines that can promote or repress the 

immune response.  NKTs can also interact with other cells within the immune 

system like dendritic cells and macrophages, inducing release of more cytokines 

(Van Kaer et al 2011).  Although NKT cells only account for 1% of the T cell 

population, their dysfunction has severely damaging effects including 

autoimmune disease and hypersensitivities (Akbari et al 2006, Wu & Van Kaer 

2009). 

Cytotoxic T cells, sometimes called cytotoxic lymphocytes, are different 

from natural killer T cells.  They act in the immune system by directly targeting 

and killing infected or cancerous cells (Barry & Bleackley 2002).  Cytotoxic T 

cells express the resident plasma membrane protein CD8.  CD8 acts as a co-

receptor during the interaction between the T cell and the APC to enhance T cell 

signaling.  After recognition of a foreign antigen, cytotoxic T cells become  
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Table 1.  T cell types and effects on immune modulation.  Natural killer T cells recognize foreign 
antigen on CD1 and rapidly release cytokines to signal other cells.  Killer T cells bind antigen loaded 
MHCI and exocytose cytotoxic granules.  They differentiate to memory cells.  Helper T cells bind loaded 
MHCII, release cytokines, and go on to differentiate into Th1, Th2, Th17, or memory cells.   
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activated and release cytolytic granules in a specialized, polarized form of 

exocytosis.  The most damaging components of lytic release include perforin, a 

pore forming enzyme, and granzymes, which alter lipid organization (Smyth et al 

2001).  After cytotoxic release, cytotoxic T cells can become memory T cells.  If 

the same antigen is encountered again, the memory T cell can respond faster 

than the original encounter and produce a more robust response to the pathogen 

(Lefrancois & Obar 2010). 

Helper T cells have multiple roles in the immune response including 

initiation, maintenance, suppression, and memory.  A naïve helper T cell 

expresses the resident plasma membrane protein CD4, which acts as a co-

receptor during T cell activation.  When a helper T cell detects a foreign antigen 

being presented on MHCII, it becomes activated.  Depending on the context of 

the interaction and the cytokines in the surrounding environment, helper T cells 

then initiate a differentiation pattern to become T helper 1 (Th1), T helper 2 

(Th2), or T helper 17 (Th17) cells.  Th1 cells secrete interferon gamma and their 

main effector cells are macrophages and CD8+ T cells.  They protect against 

invading bacteria and protozoa (Alberts 2002).  Th2 cells secrete interleukin-4 

and they are associated with establishing protection from intestinal helminths 

(Murphy & Reiner 2002).   Th17 cells are a newly identified subset of helper T 

cells and their effects on the immune system are not fully understood.  Th17 cells 

secrete interleukin-17 and mediate defense against bacteria through interaction 

with CD8+ T cells and macrophages (Ouyang et al 2008).   
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 In conclusion, the immune system is composed of many different cell 

types that play vital roles in protecting the host from infection and disease.  Cell-

cell interactions are critical for this response and they are initiated and 

maintained using membrane trafficking.  The importance of membrane trafficking 

in mounting a proper immune response cannot be overstated.  Antigen 

presenting cells must display endogenous peptides as well as foreign antigens.  

A T cell recognizes foreign antigens and subsequent signaling initiates drastic 

changes in T cell morphology and membrane trafficking.  The end result is 

activated T cells that are capable of protecting the host.   
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1.4 T cell Activation 

T cell activation is a coordinated process that allows for the development 

of adaptive immunity.  T cells express the T cell receptor (TCR)- CD3 complex, 

an eight subunit transmembrane protein that has the ability to recognize foreign 

peptides bound to an MHC molecule on a different cell.  Using a co-receptor, 

either CD4 on helper T cells or CD8 on killer T cells, the T cells initiate a 

signaling cascade leading to drastic changes in T cell morphology and function.  

One important phenomenon in T cell activation is development of the 

immunological synapse (Figure 8).  The synapse serves as a platform for 

bidirectional transfer of information leading to modulation of cellular activity 

(Huppa & Davis 2003).  Proper membrane trafficking, including endocytosis and 

recycling, are required for synapse formation.  

When the T cell receptor initially engages its cognate, peptide loaded 

MHC molecule, it leads to conformational changes in the juxtamembrane regions 

(Lee et al 2015).  These changes help to facilitate its phosphorylation and 

downstream signaling, although the details of initial activation are still unclear 

(Huse 2009, Kuhns & Davis 2012).  Continued signaling is propagated by the 

activation of Src family kinases, which then phosphorylate a special region on the 

cytoplasmic tail of CD3 called immunoreceptor tyrosine-based activation motifs 

(ITAMs).    Phosphorylation leads to phosphorylation of other downstream targets 

including lymphocyte-specific protein tyrosine kinase (Lck) and proto-oncogene 

tyrosine kinase Fyn (Fyn) (Brownlie & Zamoyska 2013).   Phosphorylation of T 

cell signaling molecules is highest within 1 minute of T cell contact with a 
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stimulus (Delon & Germain 2000).  The result of ITAM phosphorylation is the 

establishment of a signaling platform. This cascade eventually leads to changes 

in gene transcription and long term, adaptive immunity from the T cell.   

After initial contact, a stable interaction forms between the T cell and APC 

that can last on the order of hours.  The T cell establishes the immunological 

synapse (IS) by creating three distinct regions on the plasma membrane: the 

central supra-molecular activation complex (cSMAC), the peripheral SMAC 

(pSMAC), and the distal SMAC (dSMAC) (Figure 8).  These regions form a bull’s-

eye pattern at the contact site with the APC.  The cSMAC contains important 

signaling molecules like the TCR-CD3 complex, the co-stimulatory molecule 

CD28, and protein kinase θ (PKC-θ).  The pSMAC is heavily populated with 

adhesion molecules like lymphocyte function-associated antigen 1 (LFA-1) and 

the co-receptor CD4.  The dSMAC contains proteins with large ectodomains 

including CD43 and CD45 both of which play a role in enhanced T cell signaling 

(Figure 8A).  Plasma membrane proteins on the T cell bind their cognate 

receptors on the APC (Figure 8B).   

Establishment of the immunological synapse is an energy-dependent 

process.  This highly coordinated membrane trafficking event uses myosin 

motors linked to the actin cytoskeleton to properly place these proteins at the 

synapse (Wulfing & Davis 1998).  One possible way the plasma membrane can 

become ordered into the cSMAC, pSMAC, and dSMAC is by controlling lipid 

content at the immunological synapse.  During early T cell receptor engagement, 

low-density detergent-insoluble (lipid rafts) domains are recruited to the TCR- 
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Figure 8.  Immunological synapse formation.  A. On face view of IS.  
The center of the IS has signaling molecules like TCR and PKCθ (red).  
The pSMAC contains integrins (LFA-1) and the co-receptor CD4 (green).  
Molecules with large ectodomains, like CD43 and CD45 are in the 
dSMAC (gray). B. Side view of slice through IS.    T cell signaling 
stimulates polarization toward the APC.  The MTOC and ERC orient 
toward the site of activation.  Cell surface proteins on the T cell interact 
with cognate receptors on the APC.   
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CD3 complex (Montixi et al 1998).  Disruption of these membranes impairs 

association of two important proteins, lymphocyte-specific proteins tyrosine 

kinase (Lck) and linker for activation of T cells (LAT) with the TCR, resulting in 

reduced phosphorylation during T cell signaling (Janes et al 1999, Kabouridis et 

al 2000). 

T cell signaling not only causes changes at the plasma membrane to 

create the immunological synapse but it also causes T cells to polarize their 

microtubule-organizing center (MTOC) to the site of contact.  Polarization initially 

begins with a network of PDZ containing proteins known to play a role in 

epithelial polarity.  These proteins, including Scribble, Crumbs and Par3, all 

polarize to the immunological synapse; their arrival and length of residence is 

highly regulated (Ludford-Menting et al 2005).  Rearrangements in the actin 

cytoskeleton soon follow.  These actin changes are controlled using the GEF 

Vav1, which activates cell division control protein 42 (Cdc42), inducing changes 

in the actin cytoskeleton. Actin cytoskeleton rearrangement is required for 

signaling events as actin inhibitors reduce signaling in T cells forming a 

conjugate with an APC (Valitutti et al 1995).   

The changes in endocytic trafficking from a resting T cell to a T cell 

engaged in immunological synapse formation are drastic.  Endocytic trafficking is 

used to establish a novel and unique environment that is favorable for cell-to-cell 

communication.  T cell receptor trafficking has been extensively examined, often 

with the hypothesis that controlling the amount of available receptor can control 

the amount of cell signaling.  Following T cell stimulation, clathrin-mediated 
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endocytosis of the T cell receptor is increased (Geisler 2004).  Once internalized, 

TCR positive vesicles are trafficked down microtubules to the endocytic-recycling 

compartment (Burkhardt et al 1997).  T cell activation also results in a reduction 

in the amount of TCR recycling back to the plasma membrane (Alcover & 

Alarcon 2000, Arkhipov & Maly 2006).  This down-regulation from the surface is 

followed by an increase in the rate of receptor degradation (Valitutti et al 1997).  

One GTPase that has been implicated in TCR recycling is Rab35 (Patino-Lopez 

et al 2008).  Expression of the Rab35 dominant negative mutant prevents T cell 

conjugate formation, which could be due to the inhibition of TCR recycling.  

Endocytosis of adaptor proteins has also been explored as a mechanism 

for controlling the strength and duration of T cell signaling.  One scaffolding 

protein, SH2 domain containing leukocyte protein of 76kaDa (SLP-76) is 

endocytosed in a clathrin-independent, cholesterol dependent manner (Barr et al 

2006).  Another adaptor, the linker for activation of T cells (LAT), does not have a 

clearly defined endocytic route.  It is believed to enter the cell via both clathrin-

mediated and clathrin-independent pathways.  Evidence for this is supported by 

the fact that LAT co-localizes with transferrin, a well-known clathrin-mediated 

cargo, and also with cholera toxin, which is thought to enter cells without clathrin 

(Balagopalan et al 2007, Bonello et al 2004).   

 Membrane trafficking to and from the immunological synapse is important 

for establishing defined domains within the T cell plasma membrane.  This 

creates an effective, long lasting platform used for T cell signaling.  The synapse 

is composed of lipids and CIE cargo proteins.  The role of clathrin independent 
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endocytosis and subsequent trafficking in T cell activation has yet to be 

characterized. Analyzing trafficking of membranes derived independently of 

clathrin will further our knowledge of T cell activation.    
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CHAPTER TWO: MATERIALS AND METHODS 

Cells, reagents, and antibodies 

Jurkat cells (clone E7.6) were obtained from Dr.Lawrence Samelson 

(National Cancer Institute).  Raji cells were purchased from ATCC (clone CCL-

86).  Jurkat and Raji cells were maintained at 37oC in 5% CO2.  They were 

cultured in Iscove’s Modified Dulbecco’s Media GlutaMAX (IMDM) media 

(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; 

Atlanta Biologicals) and non-essential amino acids (Thermo Fisher Scientific). 

Poly-L-lysine solution was purchased from Sigma-Aldrich at 0.1% w/v.  

Staphylococcal enterotoxin E was acquired from Toxin Technologies (Sarasota, 

FL).  Conjugated Alexa Fluor 633 or 647 transferrin, Cell Tracker Blue CMAC 

Dye, and Alexa Fluor 594 phallodin were all products of Thermo Fisher Scientific 

and used according to manufacturers directions.   

Antibodies for endocytosis assays were purchased from Biolegend: 

mouse antibody against MHCI (clone W6/32), mouse antibody for CD98 (clone 

MEM-108), and mouse antibody for LFA-1 (clone HI111). Antibodies for 

immunofluorescence and immunoblotting were as follows: rabbit antibody for 

EEA1, rabbit antibody for phosphorylated Lck, and rabbit antibody against 

phosphorylated- Cell Signaling, mouse antibody for CD4- Abcam (clone Q4120), 

mouse antibody against T cell receptor alpha- Santa Cruz Biotechnology (clone 

H-142), mouse antibody for transferrin receptor- Sigma-Aldrich.   

Secondary antibodies include donkey anti- mouse Alexa Fluor 488, goat 

anti-rabbit Alexa Fluor 594, and goat anti-mouse Alexa Fluor 594 (Thermo Fisher 



	 62	

Scientific).  Antibodies used for western blot analysis were goat anti-rabbit 800 or 

goat anti-mouse 680 and were obtained from LI-COR.  The mouse antibody 

against CD3 (clone UCHT1) was used for the cell-spreading assay was acquired 

through  

DNA constructs and Transient Transfection 

The human Arf6 (accession no. NM_001663) plasmids were constructed 

in the pXS vector as described previously (Peters et al 1995, Radhakrishna & 

Donaldson 1997).  To construct human Rab22a (accession NM_020673) 

plasmids, the cDNA clone was obtained from OriGene.  It was subcloned into the 

Sall-BamHI sites of pEGFP-C3 (BD/Clontech) and all mutations were made with 

QuikChange Lightening site directed mutagenesis kit according to the 

manufacturers instruction (Agilent Technologies).  Restriction enzymes were 

purchased from New England Biolabs..   

Jurkat cells were transfected using Amaxa Nucleofector Kit V (Lonza).  

For each transfection, 1.8x106 cells were pelleted in a 15 ml conical tube.  Media 

was aspirated and cells were re-suspended in 100 ul Nucleofector Solution V.  

Two micrograms of plasmid DNA was added to each transfection.  Cells were 

electroporated using Amaxa Program X-005 for high efficiency.  Cells were 

incubated at room temperature for 10 min and then transferred to 2 ml warm, 

pre-equilibrated IMDM in a six well plate.  Cells were incubated for at least 15 h 

before further processing.  

Immunofluorescence 
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Glass coverslips (#1.5) were soaked in warm ethanol with stirring for 45 

min.  Coverslips were then extensively washed in distilled water (dH2O) and 

soaked overnight in clean dH2O.  Coverslips were dried and coated with 0.1% 

poly-L-lysine solution for at least 1 h and no longer than 24 h.  Coverslips were 

then rinsed in PBS and dried completely before plating  0.5x106  cells in 200 µl of 

complete media.  Cells were incubated at 37oC for 10 min to allow for adherence 

and then fixed in 4% formaldehyde for 15 min.  They were rinsed in PBS and 

non-specific blocking was reduced using PBS with 1% FBS throughout antibody 

labeling.  Cells were permeablized with 0.02% saponin, incubated with primary 

antibody for at least 2 h.  Coverslips were rinsed and incubated with secondary 

antibodies for at least 1 h.  Coverslips were mounted with Pro-Long Gold 

(Thermo Fisher Scientific) and imaged with the Zeiss LSM780 confocal 

microscope with a 100× 1.4 NA Plan-Apochromat oil immersion objective lens.  

Co-localization was measured using Zeiss Zen Blue Software.   

Live Cell Imaging 

 Transfected cells were plated in 8 well chambers (Lab Tek) that had been 

coated with poly-L-lysine.  Cells were maintained in IMDM media without phenol 

red (Thermo Fisher Scientific) with 5% FBS and non-essential amino acids.  The 

cells were maintained on a heated 37oC chamber stage in a 5% CO2 

environment.  Cells were imaged with the Zeiss LSM780 confocal microscope 

with a 40× 1.4 NA Plan-Apochromat oil immersion objective lens.  A single z slice 

was captured every 8 seconds.    

Imaging Flow Cytometry 
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Samples for flow cytometry were processed in  5 ml snap cap tubes. Non-

specific binding was reduced with 1% FBS in PBS.  Cells were permeabilized 

with 0.02% saponin, incubated with primary antibody for at least 2 h, and 

incubated with secondary antibody for at least 1 h.  All incubations were done 

with rocking.  Imaging flow cytometry was conducted on the ImageStreamX Mark 

II (EMD Millipore).  Data was collected at 60x magnification with a minimum of 

2000 cells collected for each sample and compensation was performed for each 

color channel used.  Analysis was performed using IDEAS software (EMD 

Millipore).   

Endocytosis and Recycling Assays 

Endocytosis assays were performed by measuring the loss of CIE cargo 

proteins from the cell surface over time.  Jurkat cells were pelleted and cooled in 

an ice bath for 10min.  Cold media containing MHCI antibody and conjugated 

transferrin were added to the cells in the ice bath.  Cells were incubated with the 

antibody and transferrin for 45 min to label all surface MHCI.  Cells were rinsed 

three times in ice cold PBS, centrifuging at 4oC.  Care was taken not to raise the 

temperature of the cells during the surface labeling and rinsing.  Warm media 

containing conjugated transferrin was added to the cells and they were then 

incubated in a 37oC water bath for indicated times.  Cells were removed from the 

water bath, returned to the ice bath, and centrifuged at 4oC.  Cells were fixed in 

4% formaldehyde, rinsed in PBS, and non-specific blocking was reduced with 

10% FBS in PBS.  Cells were incubated with a fluorescently tagged secondary 

antibody for 1 h without permeabilization and then examined by imaging flow 
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cytometry.  Mean surface intensity of MHCI and total transferrin were measured.  

MHCI measurements were normalized to time 0 and the percent internal MHCI 

was then calculated. 

Recycling assays were performed by incubating Jurkat cells at 37oC in 

complete media with MHCI antibody for 35 min.  To remove surface bound MHCI 

antibodies, cells were rinsed for 5 seconds in 0.5% acetic acid and 0.5 M NaCl at 

pH 3.0.  Cells were then fixed at time 0 or returned to pre-equilibrated complete 

media for indicated times to allow recycling.  Cells were incubated with a 

fluorescently tagged secondary antibody for at least 1 h. Cells were analyzed 

using imaging flow cytometry and collecting mean surface MHCI intensity.  

Samples were normalized to time 0 and the percent of the internal pool returned 

to the surface was calculated.  

Electron Microscopy 

 Jurkat T cells were pelleted with antigen presenting cells, either (+) or (–) 

SEE, to form conjugates.  After 10 min of incubation in a 37oC water bath, the 

cells were fixed in fresh 2.5% glutaraldehyde for 3 h.  The National Heart Lung 

and Blood Institutes Electron Microscopy Core conducted further processing of 

the sample.  The cell pellet was treated with 1% osmium tetroxide for 1 h at 4oC 

and then en bloc stained with 1% uranyl acetate.  Cells were dehydrated in 

graded ethanol solutions, transitioned with 2-hydroxypropyl methacrylate (HPMA) 

(Electron Microscopy Sciences) and embedded in LX-112 resin (Ladd Research 

Industries). Ultrathin sections were stained with uranyl acetate and lead citrate.  

Images were acquired on the JEM 1400 electron microscope (JEOL USA) at an 
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accelerating voltage of 120 kV with an AMT XR-111 digital camera (Advanced 

Microscopy Techniques Corporation). 

Jurkat/Antigen Presenting Cell Conjugate Formation 

Raji cells were incubated with 2 ug/ml of staphylococcal enterotoxin E 

(SEE; Toxin Technologies) for 30 minutes in a 37oC water bath in a 5 ml snap 

cap tube.  Cells were rinsed once in serum free media and then re-suspended in 

1 ml of serum free media.  Raji cells were incubated at 37oC for 15 minutes in the 

presence of 0.5µM Cell Tracker Blue CMAC Dye and fresh SEE.  Raji cells were 

rinsed twice in warm complete media.  Cells were pelleted and re-suspended in 1 

ml of complete media. Raji cells were then incubated with Jurkat cells in 300µl of 

complete media in 15 ml snap cap tube at a 1:1 ratio.  Conjugates were 

incubated for indicated times and then collected and plated on poly-L-lysine 

coated coverslips for immunofluorescence or fixed in suspension and processed 

for flow cytometry.  

Cell Spreading Assays 

Poly-L-lysine coated coverslips were incubated with 20 ug/mL mouse 

antibody to CD3 (clone UCHT1) overnight at 4oC.  Coverslips were rinsed twice 

in PBS and 2x105 cells were plated.  Coverslips were placed in a 37oC incubator 

for 10 min and then fixed in 4% formaldehyde for 15 min.  Coverslips were 

processed for immunofluorescence.   

CRISPr/Cas9 Knockout 

 Jurkat T cells were electroporated with 2 unique GFP tagged Guide RNA 

constructs designed with CRISPR Design Software (Massachusetts Institute of 
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Technology) and purchased from Operon.  24 h after transfection, single cells 

were sorted based on GFP expression into 96 well plates.  Cells were clonally 

expanded over five weeks to obtain numerous separate lines with Rab22 knock 

out.   

Western Blot 

For western blot analysis, 2x106 Jurkat cells were rinsed in phosphate 

buffered saline (PBS) and lysed in 50 mM Hepes 7.4, 150mM NaCl, 1mM MgCl2, 

1% Triton X-100, 1 mM PMSF, cOmplete Protease Inhibitor Cocktail (Roche 

Diagnostics). Samples were separated using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) on a precast 12% gel (Bio-Rad).  

Gels were transferred to nitrocellulose using the TransBlot Turbo (Bio-Rad).  

After transfer, membranes were blocked in blocking buffer (Bio-Rad) and then 

incubated overnight with rocking at 4oC with primary antibody. Membranes were 

analyzed on the Odyssey Infared Imager.   
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CHAPTER THREE: RESULTS 
 

3.1 Characterization of CIE in Resting Jurkat T cells 

There are many cargo proteins that enter cells through clathrin-

independent endocytosis.  Two transmembrane proteins that have been 

extensively characterized in the Arf6-associated clathrin-independent 

endocytosis pathway are major histocompatibility complex class I (MHCI) and 

CD98.  MHCI is expressed on nucleated cells.  It is used to display peptides, 

which are continually created by the proteasome, to immune cells.  CD98 is 

ubiquitously expressed and serves as the heavy chain of a heterodimeric neutral 

amino acid transporter.  The MHCI antibody clone W6/32 and the CD98 antibody 

clone MEM-108 are highly amenable to endocytosis and recycling assays.  We 

chose to use MHCI and CD98 to mark the Arf6-associated clathrin-independent 

endosomal system in Jurkat T cells. 

CIE cargo proteins are internalized separately from CME cargo.  To 

analyze early events of clathrin-independent endocytosis, we conducted a time 

course of MHCI antibody internalization in the presence of fluorescently 

conjugated transferrin to mark the CME pathway.  After 5 minutes at 37oC, the 

CIE cargo MHCI is just beginning to be internalized (Figure 9A, top panel).  It is 

located in small puncta in the cell periphery and is not co-localized with 

transferrin (arrowheads).  It is difficult to see internalization at 5 minutes because 

of the small amount that has entered the cells.  After 30 minutes, MHCI is 

observed in endosomes that are positive for early endosomal antigen 1 (EEA1)  
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Figure 9.  CIE cargo proteins are internalized separately from CME 
cargo proteins.  Antibody internalization assays were performed in the 
presence of Alexa Flour 633-conjugated transferrin.  A.  At 5 min MHCI is 
being internalized in vesicles that do not contain the CME cargo transferrin 
(arrow heads).  After 30 min of internalization, MHCI is in endosomes with 
transferrin at what appears to be the endosomal recycling compartment 
(arrows).  B.  The CIE cargo protein CD98 does not enter cells quickly as 
there is no internalization at the 5 min time point.  After 30 min of 
internalization, CD98 is seen in small endosomes near the periphery of the 
cell.  CD98 does not enter the endocytic-recycling compartment and is in 
endosomes distinct from transferrin (arrow heads). Scale bar represents 
6µm. 
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and transferrin (Figure 9A, bottom panel).  The MHCI positive endosomes appear 

to be located within the endocytic-recycling compartment (arrows).   

After 5 minutes at 37oC, there is no detectable internalized CD98 even 

though CME is still occurring as seen by internalized transferrin (Figure 9B, top 

panel).  After 20 minutes at 37oC, it is apparent that CD98 and MHCI have very 

different trafficking patterns.  The internalization of CD98 is not as efficient as 

MHCI.  CD98 stays towards the periphery of the cell in very small endosomes 

while MHCI moves deeper into the cell.  CD98 does not co-localize with 

transferrin positive endosomes or with EEA1 (Figure 9B, bottom panel, 

arrowheads).  This differential trafficking is consistent with previous reports of the 

Arf6-associated CIE pathway and sorting of CIE cargo proteins (Dutta & 

Donaldson 2015, Eyster et al 2009, Maldonado-Baez et al 2013). 

The CIE cargo protein MHCI is trafficked to EEA1 positive vesicles while 

CD98 is not.  To further quantify the difference in trafficking of MHCI and CD98, 

we performed another antibody internalization assay for 30 minutes at 37oC and 

then fixed and labeled samples for EEA1. The top panel of Figure 10A shows 

MHCI co-localized with EEA1 positive endosomes.  The bottom panel shows 

CD98 endosomes are smaller and for the most part do not co-localize with EEA1.  

We quantified co-localization between CIE cargo and EEA1 using the Pearson 

product-moment correlation coefficient and an unpaired t-test on three 

experimental replicates (Figure 10B).  At least 45 cells were analyzed for each 

sample.  We used the unpaired t-test with the significance threshold set at 0.05.    
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Figure 10.  The CIE cargo proteins MHCI and CD98 are sorted away 
from each other after internalization.  Antibody internalization assays 
were performed for 30 minutes.  A.  MHCI is in the endosomal recycling 
compartment and co-localizes with EEA1.  CD98 stays distributed at the 
periphery of the cell and is in very small endosomes that do not co-localize 
with EEA1. Scale bar represents 6µm.  B.  Quantification of three separate 
experiments using the Pearson’s co-localization coefficient indicates that 
MHCI co-localization with EEA1 is significantly higher than co-localization 
between CD98 and EEA1 (unpaired t test, p<0.05).  Error bars represent 
±SEM. 
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MHCI co-localizes with EEA1 significantly more than CD98 and EEA1 

(p=0.0014).   

LFA-1 is present on the Jurkat T cell surface but not in EEA1 positive 

endosomes.  Lymphocyte function-associated antigen-1 (LFA-1) is an integrin 

that is important for T cell migration and activation (Sims & Dustin 2002, Smith et 

al 2007).  It is also an established CIE cargo protein (Fabbri et al 2005).  We next 

tested the trafficking of LFA-1 in Jurkat T cells.  At steady state, most LFA-1 is at 

the cell surface and there is very little in EEA1-positive endosomes (Figure 11A).  

To see if see if the LFA-1 antibody was amenable to trafficking studies, we 

incubated cells with LFA-1 antibody and fixed them or we washed them in a low 

pH buffer to remove surface labeling prior to fixation. The internalization assay 

did not enhance the appearance of LFA-1 positive endosomes and it appears 

that LFA-1/antibody complex is not efficiently internalized but rather remains on 

the surface (Figure11B).  Furthermore, the low pH wash did not enhance our 

ability to image the endosomes because there are very few of them and they are 

quite small.  Thus, LFA-1 appears to behave like an A cargo protein such as 

CD98.  It does not traffic deeply in to the cell or reach the endocytic-recycling 

compartment like MHCI.   

Rates of CIE in Jurkat T cells are similar to other cell types.  Endocytosis 

assays were performed to determine the rate at which CIE occurs in Jurkat T 

cells.  Cell surface MHCI was labeled with antibodies while the cells were 

maintained at 4oC.  Unbound antibodies were removed with extensive washing in 

PBS at 4oC.  The cells were then warmed for indicated times, allowing  
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Figure 11. LFA1 does not co-localize with EEA1 positive 
endosomes.  A.  Jurkat cells were fixed and labeled for total LFA-1 
and EEA1.  Jurkat cells  express LFA-1 and it does not co-localize 
with EEA1 in early endosomes.  B.  Jurkat cells were incubated with 
LFA-1 antibody for 30 min and then fixed or acid washed to remove 
surface LFA-1 bound antibody.   LFA-1/antibody complexes 
inefficiently internalize.  The LFA-1 positive endosomes are small and 
remain near the periphery of the cell.  They do not co-localize with 
EEA1 vesicles.  Scale bar represents 6µm. 
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internalization of the protein: antibody complexes.  Cells were fixed and 

remaining surface MHCI was labeled with a fluorescent secondary antibody.  

Mean fluorescence of surface MHCI was measured using imaging flow cytometry 

and the data was normalized to time 0.  MHCI is internalized at a rate of 

approximately 2% per minute (Figure 12).  The endocytosis assay shows that 

endocytic rates level off around 20 minutes indicating that CIE cargo recycling is 

most likely occurring at this later time point.  The rate of internalization of other 

CIE cargo proteins in the HeLa cell line has been reported to be similar (Dutta & 

Donaldson 2015, Scarselli & Donaldson 2009, Walseng et al 2008).  

CIE is dynamin independent in Jurkat T cells.  It is known that CME is 

dependent on the GTPase dynamin for vesicle scission.  To confirm that clathrin-

mediated endocytosis was not required for MHCI internalization, we expressed 

GFP tagged dynamin wild type or the scission defective dynamin K44A GTPase 

mutant (Damke et al 1994) and performed antibody internalization assays in the 

presence of fluorescently tagged transferrin. Cells were analyzed using imaging 

flow cytometry. Jurkat cells expressing dynamin K44A internalize conjugated 

transferrin 70% less than untransfected Jurkat cells (Figure 13A).  Cells were 

analyzed using the unpaired t-test and error bars represent ± standard deviation 

(SD).  Closer examination of cells expressing dynamin wild type show transferrin 

internalized in to endosomes (Figure 13C, top panel).  There is a small amount of 

transferrin that enters cells expressing dynamin K44A.  It appears very diffuse 

and not in distinct endosomes (Figure 13C, bottom panel).  In cells expressing 

the K44A mutant, MHCI internalization still occurs, indicating that this  
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Figure 12.  CIE endocytosis occurs at about 2% per minute.  Endocytosis 
assays were performed in resting Jurkat T cells.  The data indicates that the CIE 
cargo protein MHCI is internalized at about 2% per minute.  Data represents the 
average of four independent experiments.  At least 2000 cells were analyzed for 
each sample. Error bars represent ±SEM.  
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Figure 13.  MHCI is internalized independently of dynamin.  Cells were 
transfected with dynamin WT or dynamin GTPase inactive mutant K44A.  After 
transfection, they were subject to antibody internalization assay for 30 min in 
the presence of transferrin.  Cells were rinsed in low pH wash to removed 
surface bound antibody.  Mean fluorescence of internalized cargo was 
measured.  Data represent the means of four individual experiments.  A.  
Using one-way ANOVA, we determined there is a significant reduction in the 
amount of internalized transferrin in cells expressing dynamin K44A (unpaired 
t test, p<0.05).  Error bars represent ±SD.  B.  Internalization of MHCI is not 
affected in the presence of dynamin K44A.  This indicates that MHCI is 
entering cells in a clathrin and dynamin independent manner.  C.  
Representative panels from imaging flow cytometry show that transferrin is 
internalized in the presence of dynamin WT (top panel).  Dynamin K44A 
greatly reduces the amount of transferrin inside cells.   
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internalization mechanism is clathrin-independent and dynamin-independent  

(Figure 13B and 13C). 

Another way to block clathrin-mediated endocytosis is to express mutant 

or truncated forms of clathrin interacting proteins.  Some truncated forms act as 

dominant negatives, binding clathrin but not the cargo.  We expressed the C-

terminus of the clathrin coat assembly protein 180 (AP180-c) in Jurkat T cells 

and measured internalization of transferrin.  However, the cells were still capable 

of internalizing transferrin in the presence of this construct (data not shown).  

This suggests that the role of AP180 in CME in T cells may be limited and further 

characterization of the clathrin molecular machinery in T cells is needed.     

CIE cargo in Jurkat cells is recycled back to the plasma membrane at 

rates similar to non-immune cells. We also examined rates of CIE cargo recycling 

in Jurkat T cells.  The cells were incubated with antibodies against MHCI for 30 

minutes.  Surface bound antibodies were removed with a low pH wash.  Cells 

were returned to media at 37oC allowing previously internalized protein:antibody 

complexes to return to the cell surface.  Cells were fixed at different time points, 

and surface MHCI antibody was detected with a fluorescently tagged secondary 

antibody.  Mean fluorescence was measured by imaging flow cytometry and data 

was converted to percent MHCI returned to the cell surface as compared to the 

cells fixed immediately after low pH wash (time 0).  MHCI is recycled back to the 

cell surface at a rate of approximately 3% per minute (Figure 14A).  These rates 

are similar to what has been reported in other cell types (Dutta & Donaldson 

2015).  Figure 14B shows representative panels acquired from imaging flow 
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cytometry. The surface signal is very bright and covers the entire surface of the 

cell (top panel).  After a low pH acid wash, the surface labeling of MHCI is 

removed (middle panel) and after a 20 minute recovery in complete media MCHI 

is being recycled to the cell surface (bottom panel).  
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Figure 14.  MHCI is recycled to the plasma membrane.  A. Resting Jurkat 
cells were incubated with antibodies to MHCI at 37oC for 30 min.  Cells were 
rinsed in a low pH solution to remove surface bound antibody.  Cells were 
returned to 37oC and fixed at indicated times.  Mean fluorescence of surface 
MCHI was measured by imaging flow cytometry and expressed as a fraction 
(%) of the initial internal pool.  Cells recycle about 50% of the internal pool of 
MHCI within 20 minutes.  At least 2000 cells were analyzed in each 
experiment and data represents the means of three experimental replicates.  
Error bars represent ±SEM.  B.  Representative images of the recycling assay 
show surface MHCI is abundant before the low pH wash.  After the low pH 
wash, the surface is devoid of MHCI labeled with antibodies.  Within 20 
minutes, the MCHI/antibody complex is being recycled to the cell surface.   
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3.2 Arf6 and Rab22 function in CIE in T cells. 

To further characterize CIE in resting Jurkat T cells, we examined the role 

of two small GTPases, Arf6 and Rab22.  Both of these GTPases have been 

implicated in membrane recycling and cell spreading.  Expressing these proteins 

in their dominant negative or constitutively active forms allows for study of 

GTPases in their inactive and active states.   

Jurkat T cells expressing Arf6Q67L form large vacuoles that are polarized 

to one side of the cell.  Expression of the constitutively active mutant of Arf6 

(Arf6Q67L) causes the formation of vacuoles in many cell types (Porat-Shliom et 

al 2013, Sannerud et al 2011).  These vacuoles have been analyzed and are 

essentially stalled sites of clathrin-independent endocytic membrane trafficking.  

They are rich in phosphatidylinositol 4,5-bisphosphate (PIP2) and coated with 

actin (Brown et al 2001).  They contain CIE cargo proteins but little, if any, CME 

cargo proteins (Eyster et al 2009).    

Because of these characteristic phenotypes in non-immune cells, we next 

examined the effects of Arf6Q67L in Jurkat T cells.  Expression of the Arf6Q67L 

plasmid results in the formation of numerous vacuoles and live cell imaging after 

24 hours of transfection shows that the cells are filled with Arf6-positive vacuoles 

(Figure 15).  The vacuoles enter from one side of the cell (bottom of cell, arrows) 

and then accumulate or are sequestered to another area of the cell (top of cell,  
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Figure 15.  Arf6 vacuoles form in Jurkat cells and converge in one 
location where they are no longer dynamic.  Jurkat cells were 
transfected with GFP-tagged Arf6Q67L.  After 24 hours of expression, cells 
were plated on poly-L-lysine coated coverslips and imaged live on a 
confocal microscope.   Expression of Arf6Q67L causes formation of large 
vacuoles.  Newly formed vacuoles often interact and fuse (arrows).  Jurkat 
cells form vacuoles all over the surface but eventually partition the 
vacuoles to one side of the cell (arrowheads). Vacuoles that have been 
partitioned to one side are not dynamic and these membranes can no 
longer internalize CIE cargo.  Scale bar represents 6µm. 
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arrow heads).  Early Arf6 vacuoles are dynamic and many fusion events can be 

observed during live cell imaging.  Live imaging also revealed that older Arf6 

vacuoles are more static, an observation consistent with previous reports (Brown 

et al 2001).   

Arf6-associated membranes co-localize with CIE cargo.  To continue to 

characterize the Arf6-associated CIE pathway in Jurkat T cells, we transfected 

GFP tagged wild type Arf6 and the constitutively active mutant of Arf6.  24 h after 

transfection, the cells were fixed and labeled for the steady state distribution of 

CIE cargo proteins.  Arf6 wild type localizes to the plasma membrane where it 

co-localizes with MHCI and the T cell co-receptor CD4 (Figure 16A).   

CD4 has a unique endosomal trafficking pattern.  It contains a dileucine 

motif that can act as a clathrin-mediated internalization sequence but this 

sequence is only accessible when a nearby serine residue is phosphorylated. 

(Pitcher et al 1999).  Phosphorylation is low when in the resting state, suggesting 

that this sequence is not accessible to the kinase.  CD4 internalization is largely 

restricted from endocytic trafficking by its interaction with lymphocyte specific 

protein tyrosine kinase (Lck) (Pelchen-Matthews et al 1992). It is likely that the 

unphosphorylated, unbound forms of CD4 can enter the cell in a clathrin-

independent mechanism, explaining its location in the Arf6 vacuoles (Figure 16A, 

bottom panel).   

Arf6 wild type does not co-localize with CME cargo proteins like transferrin 

receptor or the T cell receptor (Figure 16B).  These CME cargo proteins are also 

absent from Arf6Q67L vacuoles (Figure 16B).  Vacuoles induced by expression  
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Figure 16.  CIE cargo proteins co-localize with wild type and 
constitutively active Arf6.  Jurkat cells were transfected with a GFP tagged 
Arf6 WT or Q67L.  Cells were then fixed and labeled for the steady state 
distribution of cargo proteins.  MHCI and CD4 co-localize with wild type Arf6 
at the plasma membrane (arrows).  Expression of Arf6Q67L forms large 
vacuoles that are stalled sites of endosomal trafficking (arrowheads).  These 
vacuoles contain MHCI and CD4 (A) but not the CME cargo transferrin 
receptor or T cell receptor epsilon (B).  Arf6 is associated with the CIE 
pathway in Jurkat T cells.  Scale bar represents 6µm. 
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of constitutively active Arf6 co-localize with the CIE cargo protein MHCI in Jurkat 

T cells. Co-localization of Arf6 with MHCI confirms that this CIE pathway in Jurkat 

T cells is associated with Arf6.   

Expression of the Arf6 constitutively active mutant inhibits CIE.  To test 

whether Arf6 plays a role in internalization of CIE cargo proteins, we performed 

an endocytosis assay in cells expressing wild type, dominant negative (T27N), or 

constitutively active (Q67L) forms of Arf6.  Cells expressed Arf6 constructs for 15 

hours and were incubated at 4oC with antibodies to MHCI and conjugated 

transferrin.  Cells were rinsed and then warmed to 37oC for indicated times to 

allow internalization of protein: antibody complexes.  They were then fixed and 

remaining surface MHCI was labeled with a fluorescent secondary antibody.  

Mean fluorescent intensity of surface MHCI was acquired using imaging flow 

cytometry and samples were normalized to time 0.  Data were converted to the 

percentage of MHCI that was internalized.   

Expression of the constitutively active mutant of Arf6 significantly inhibited 

internalization of the CIE cargo protein MHCI (Figure 17A).  This effect is specific 

for CIE cargo proteins as transferrin is still internalized in cells expressing 

constitutively active Arf6 (Figure 17B).  In contrast, expression of Arf6 wild type 

or dominant negative did not have an effect on MHCI internalization.  Arf6Q67L 

has previously been reported to increase internalization of CIE cargo proteins in 

HeLa cells (Naslavsky et al 2004) suggesting that Arf6 effects are cell type 

specific.  HeLa cells are twice the size of Jurkat cells and Arf6 vacuoles could be 

a more potent inhibitor in the small cytoplasm of a T cell.  Also, at earlier times  
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Figure 17.  The active Arf6 mutant inhibits internalization of the CIE 
cargo MHCI but not of the CME cargo transferrin.  A.  Jurkat T cells were 
subjected to the endocytosis assay.  Transfected control cells internalize 
MHCI at a rate of 2% per minute.  When cells overexpress Arf6Q67L, CIE is 
significantly inhibited as compared to the GFP only control (unpaired t test, 
p<0.05).  B.  Internalization of the CME cargo transferrin is not inhibited 
during expression of Arf6 wild type or mutant. Error bars represent ±SEM.  
Data represents two experimental replicates. 
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after transfection, Arf6 membranes are more dynamic as vacuoles with trapped 

membrane components have not formed yet.  It is possible that at earlier time 

points after transfection Arf6 increases CIE, but this has yet to be explored in the 

T cell. 

Similar to Arf6, Rab22 has been implicated in the trafficking of CIE cargo 

proteins.  It’s interaction with early endosomal proteins like Rab5 and EEA1 

suggest that it plays a role in internalization of cell surface proteins (Zhu et al 

2009).  However, the role of Rab22 in immune cells is unknown.  Here, we 

examined Rab22 in Jurkat T cells and its role in CIE.  

Rab22 co-localizes with CIE cargo proteins in the endocytic recycling 

compartment.  To assess endogenous localization of Rab22 and its association 

with endocytic trafficking, we performed antibody internalization assays and then 

fixed and labeled Rab22 with a monoclonal antibody.  There is a pool of 

endogenous Rab22 in the endocytic-recycling compartment.  It co-localizes with 

transferrin and MHCI (Figure 18, top and middle panel).  However, it does not co-

localize with the direct recycling CIE cargo protein CD98 that remains near the 

periphery of the cell (Figure 18, bottom panel).   

Rab22 is required for internalization of CIE cargo proteins.  Rab22 has 

been implicated in many aspects of endosomal trafficking including altering 

endosome morphology (Mesa et al 2001) and endosomal recycling (Maldonado-

Baez et al 2013).  To test whether Rab22 plays a role in clathrin-independent 

endocytosis in Jurkat T cells, we performed internalization assays in cells 

expressing Rab22 wild type, dominant negative (S19N) or constitutively active  
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Figure 18.  Endogenous Rab22 co-localizes with transferrin and 
B type cargo proteins in the endosomal recycling compartment. 
Jurkat cells were incubated with various CIE cargo protein antibodies 
or conjugated transferrin.  They were fixed and labeled for 
endogenous Rab22.  Rab22 is in the endocytic-recycling 
compartment where it co-localizes with MHCI and transferrin (arrows).  
It does not co-localize with CD98, which remains near the periphery of 
the cell in very small endosomes (arrowheads). Scale bar represents 
6µm. 
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(Q64L) mutants.  Cells were incubated on ice with MHCI antibody and 

fluorescently tagged transferrin.  Cells were warmed to 37oC and fixed at 0, 10, 

and 20 minutes and analyzed using imaging flow cytometry as described 

previously.  Expression of Rab22WT did not affect internalization of MHCI.  

Expression of the Rab22 constitutively active mutant, however, results in a 

slower rate of internalization, but this rate recovers to control rates at the 20-

minute time point (Figure 19A).  In contrast, Rab22 dominant negative mutant 

inhibits MHCI internalization (Figure 19A).  The effects on internalization are 

specific to clathrin-independent internalization, as transferrin internalization was 

not affected (figure 19B).  Thus, Rab22 is required for internalization of CIE cargo 

proteins in Jurkat T cells.   
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Figure 19.  Expression of the Rab22 dominant negative mutant 
inhibits internalization of MHCI.  Cells were transfected with Rab22 wild 
type, dominant negative, or the constitutively active mutant.  A.  The Rab22 
dominant negative significantly inhibits endocytosis of the CIE cargo 
protein MHCI (unpaired t test, p<0.05).  The constitutively active mutant 
has slower rates of endocytosis at the 10 min time point but has resumed 
the rates of control cells at 20 minutes.  B.  The effects of Rab22 are 
specific to the CIE pathway, as transferrin internalization is not affected. 
Error bars represent ±SEM and data represents two independent 
experiments.  
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3.3 Rab22 and Arf6 Control T cell Conjugate Formation through Regulation 

of the Clathrin-Independent Endosomal System 

 Immunological synapse formation is dependent on cholesterol (Burack et 

al 2002) and there are many clathrin-independent cargo proteins at the synapse 

(Dustin 2014).  We hypothesized that movement of plasma membrane through 

the clathrin-independent endosomal system would be important for establishing 

the synapse between a T cell and an antigen presenting cell.  To test the function 

of CIE in T cell activation, we employed an experimental model system in which 

Jurkat T cells interact with staphylococcal enterotoxin E (SEE)-pulsed antigen 

presenting cells.  We felt that this system would give us the most accurate 

physiological representation of T cell activation and the changes in membrane 

trafficking that occur during this event.  

 Jurkat T cell plasma membrane is closely intertwined with APC plasma 

membrane during conjugate formation.  We used transmission electron 

microscopy to assess the extent of T cell/APC membrane interaction during 

conjugate formation, and to determine if Jurkat cells can be qualitatively 

distinguished from APCs.  We incubated Jurkat T cells and APCs that had not 

been exposed to SEE (Figure 20A, resting T cell sample) and another sample in 

which APCs had been pulsed with SEE (Figure 20B, activated T cell sample).  

After 10 minutes at 37oC, the cells were fixed and processed for electron 

microscopy with the help of the National Heart, Lung, and Blood Institute’s 

electron microscopy core.  In the resting control cells (Figure 20A), T cells 

occasionally touch APC plasma membrane (arrowheads).  However, this is the  
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Figure 20A.  Resting T cells have limited interaction with APCs.  Activated T 
cells actively wrap membrane around APCs.  A.  Jurkat T cells were incubated 
with APCs for 10 min and then processed for TEM.  T cells occasionally touch 
APCs but their membrane interaction is limited Scale bar in top panel represents 
5 µM and scale bar in bottom panel represents 1 µM. 
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Figure 20B.  Resting T cells have limited interaction with APCs.  Activated 
T cells actively wrap membrane around APCs. B.  Jurkat T cells were 
incubated with APCs that had been pulsed with SEE.  After 10 min they were 
fixed and analyzed by TEM.  T cells ruffle their membranes and interact with 
APCs by extending their membranes around a portion of the APCs.  APC cells 
can be distinguished from T cells by their high number of ribosomes and dense 
heterochromatin (asterisks).   Scale bar in top panel represents 5 µM and scale 
bar in bottom panel represents 1 µM. 
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full extent of the interaction and the plasma membranes do not wrap around each 

other or interact in any other substantial way.  In the activated SEE-pulsed 

sample, however, there is extensive membrane ruffling and multiple contact sites 

between the Jurkat cell and the APC.  The membranes from the two cells actively 

wrap around each other (Figure 20B, arrows). Antigen presenting cells were 

easily distinguished from Jurkat T cells during transmission electron microscopy 

based on their large amount of ribosomes.  They also display multiple dense 

sites of heterochromatin in their nucleus, which are not apparent in the Jurkat T 

cell (Figure 20, asterisks).  

Arf6 polarizes to the immunological synapse and co-localizes with 

phosphorylated tyrosine.  Arf6 has been implicated in T cell activation (Tzachanis 

et al 2003) but its role in membrane trafficking at the immunological synapse has 

not been closely examined.  We over-expressed Arf6 in Jurkat T cells in the wild 

type, dominant negative (T27N), or constitutively active (Q67L) forms.  We then 

incubated the Jurkat cells with antigen presenting cells without SEE (resting) or 

antigen presenting cells that had been pulsed with SEE (activated).  We labeled 

fixed conjugates for phosphorylated tyrosine, a general marker for T cell 

activation.  The samples without SEE showed T cells closely interacting with the 

antigen presenting cells but there was no increase of phosphorylated tyrosine at 

the contact site between the cells (Figure 21A).  We also observed that 

expression of Arf6Q67L slightly increases basal levels of phosphorylated tyrosine 

at the contact site (Figure 21A, bottom panel). 
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Conjugates between SEE-pulsed antigen-presenting cells and Jurkat T 

cells expressing Arf6 wild type or Arf6Q67L showed a high concentration of 

phosphorylated tyrosine at the immunological synapse.  Arf6 WT polarized to the 

synapse and co-localized with phosphorylated tyrosine (Figure 21B, top panel).   

Arf6Q67L also polarized to the site of synapse (Figure 21B, bottom panel).  It is 

important to note that formation and accumulation of Arf6 vacuoles produce a 

very bright fluorescence signal.  The image intensity must be turned down to 

clearly see the vacuoles.  In the bottom panel of Figure 21B, it appears there is 

no Arf6Q67L at the synapse.  This is misleading as there is an accumulation of 

Arf6Q67L positive membrane at the synapse and it co-localizes with 

phosphorylated tyrosine.  The very bottom image of Figure 21 shows the 

saturated image of Arf6Q67L.  Another observation is that Jurkat cells do not 

establish a stable contact site near the Arf6 vacuoles.  The membrane in these 

vacuoles is probably not dynamic enough to establish the immunological 

synapse and the vacuoles often reside on the opposite side of the immunological 

synapse.  These vacuoles contain some phosphorylated proteins but the levels 

are no higher than the basal level.   

 The Arf6 dominant negative mutant does not polarize to the immunological 

synapse (Figure 21B, middle panel).  It also severely decreases phosphorylated 

tyrosine at the contact site and alters its distribution.  Phosphorylated tyrosine in 

Arf6T27N conjugates appears to be in punctate structures (arrows) as opposed 

to being evenly distributed throughout the contact site as in the wild type (Figure 

21B, top panel).   
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Figure 21.  Arf6 polarizes to the immunological synapse where it co-
localizes with phosphorylated tyrosine.  A.  Cells expressing GFP 
tagged Arf6 WT, T27N or Q67L mutants were incubated with APCs 
containing no SEE.  In this resting sample, Arf6 wild type remains evenly 
distributed at the plasma membrane and the dominant negative appears 
in the cytoplasm. Basal levels of phosphorylated tyrosine are low and it is 
evenly distributed throughout the wild type and dominant negative 
expressing cells (top and middle panel).  Arf6 constitutively active forms 
large vacuoles that are positive for phosphorylated tyrosine. There is a 
slight increase of phosphorylated tyrosine where the Jurkat cell touches 
the APC (bottom panel) B.  Arf6 wild type and constitutively active 
polarize to the immunological synapse.  They co-localize with 
phosphorylated tyrosine (top and bottom panels).  The very bottom panel 
shows the saturated image of Arf6Q67L at the synapse.  The dominant 
negative Arf6 does not polarize to the synapse.  Phosphorylated tyrosine 
appears punctate (arrows) instead of labeling the whole immunological 
synapse as in the wild type. Scale bar represents 6µm. 
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Arf6 dominant negative and constitutively active mutants reduce the 

amount of successful conjugates formed.  Because Arf6T27N expressing cells 

looked morphologically different and showed a different phosphorylated tyrosine 

pattern at the immunological synapse, we were curious if they were effectively 

forming T cell/APC conjugates.  Jurkat T cells were transfected with Arf6 wild 

type, Arf6T27N, or Arf6Q67L for 24 hours and then incubated with SEE-pulsed 

APCs.  Cells expressing wild type Arf6 are capable of forming stable conjugates 

after 90 minutes of incubation.  Expression of either Arf6T27N or Arf6Q67L 

reduced the amount of stable conjugates that can be formed by about 35% 

(Figure 22).  This indicates that the GTPase cycle of Arf6 plays an important role 

in conjugate formation. 

Endogenous Rab22 polarizes to the immunological synapse with the 

endocytic-recycling compartment.  To further characterize the role of clathrin-

independent endocytosis in immunological synapse formation, we examined 

Rab22, which we showed was required for CIE in Jurkat T cells (Figure 19).  We 

transfected Rab22 WT, S19N, or Q64L into Jurkat cells and then performed a 

time course of conjugate formation.  After 5 minutes of interaction with a SEE-

pulsed antigen-presenting cell, Jurkat T cells begin to polarize Rab22 towards 

the site of synapse (Figure 23, top panel).  After 20 minutes of interaction, all the 

Jurkat cells have completely polarized this pool of Rab22 (bottom panel).  It is 

also important to note that Jurkat T cells express what appears to be a higher 

endogenous amount of Rab22 than antigen presenting cells.  This could indicate 

a T cell specific function for Rab22.   
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Figure 22.  Dominant negative Arf6 and constitutively active Arf6 
reduce T cell/APC conjugate formation.  Jurkat T cells were 
transfected with GFP tagged Arf6T27N or Arf6Q67L.  Conjugate assays 
and analysis with imaging flow cytometry show that Arf6 mutants T27N 
and Q67L significantly reduce T cell/APC conjugate formation when 
compared to the GFP control.  Data represents the mean of two 
individual experiments and cells were analyzed using one-way ANOVA, 
with p<0.05. Error bars represent ±SD.  
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Figure 23. Rab22 polarizes to the site of contact between a Jurkat 
T cell and an antigen-presenting cell.  To activate T cells, antigen-
presenting cells were pulsed with SEE.  Jurkat cells were added to the 
pulsed antigen-presenting cells and they were incubated together at 
37°C.  Cells were fixed at 5 minutes and 20 minutes.  Rab22 polarizes 
to the site of the immunological synapse. Scale bar represents 6µm. 
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Endogenous Rab22 is near the trans-Golgi network.  It is well known that 

the microtubule-organizing center and the Golgi network polarize during T cell 

conjugate formation (Huse 2012).  It is hypothesized that the close apposition to 

the site of activation increases membrane trafficking efficiency (Griffiths et al 

2010).  The polarization of Rab22 during conjugate formation was reminiscent of 

MTOC and Golgi polarization.  We next tested if Rab22 was located at or near 

the Golgi apparatus.  Jurkat T cells were fixed in the resting state and then 

labeled for Syntaxin-6 and endogenous Rab22.  Syntaxin-6 is a known trans-

Golgi marker and plays a role in vesicle fusion (Bock et al 1997).  Syntaxin6 and 

Rab22 have a very close association with each other in a resting T cell (Figure 

24A).  However, their immunofluorescence pattern is not exactly the same 

(arrowheads).  This indicates that they are in close proximity but not acting in the 

same place in the cell. We then performed a conjugate formation assay between 

T cells and APCs and observed that this association remains when the Jurkat T 

cell polarizes to an activating APC (Figure 24B).  They are near each other but 

have distinct patterns.  Thus Rab22 polarizes to the immunological synapse and 

is closely associated with the Golgi apparatus but it is not present on Golgi 

membranes.     

Rab22 wild type and the Rab22 constitutively active mutant polarize to the 

immunological synapse.  As previously demonstrated, endogenous Rab22 

polarizes to the immunological synapse in activated Jurkat T cells (Figure 23).  

To test the role of the activation state of this GTPase in polarization, Jurkat cells 

were transfected with Rab22 wild type, dominant negative, or constitutively active  
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Figure 24.  Endogenous Rab22 is near the trans-Golgi network at 
the endosomal-recycling compartment.  A.  Cells were fixed and 
labeled for endogenous Rab22 and Syntaxin-6.  A.  In resting Jurkat T 
cells Syntaxin-6 and Rab22 are close to each other but their pattern is 
different (arrowheads).  Rab22 appears to be at the endosomal-
recycling compartment.  B.  In T cell/APC conjugates, Syntaxin-6 
polarizes to the immunological synapse with Rab22. Scale bar 
represents 6µm. 
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mutants.  Cells were then incubated with APCs or with SEE pulsed APCs to 

assess differences in resting and activated samples respectively.  Rab22 does 

not polarize to the site of contact in resting samples (Figure 25A).  Rab22 wild 

type and Rab22 constitutively active localize to the plasma membrane and the 

endocytic-recycling compartment (Figure 25A, top and bottom panel).  The 

dominant negative form of Rab22 is cytoplasmic (Figure 25A, middle panel).  

There is a low basal level of phosphorylated tyrosine in the Jurkat cells.   

When Jurkat cells are activated with SEE pulsed APCs, over-expressed 

Rab22 wild type and the constitutively active mutant polarize to the site of contact 

with the APC and they co-localize with phosphorylated tyrosine at the 

immunological synapse (Figure 25B, top and bottom panels).  Expression of 

Rab22 dominant negative prevents the formation of a normal immunological 

synapse.  The cells stay round and do not actively wrap around the APC (Figure 

25B, middle panel).  There is also diminished phosphorylated tyrosine at the 

immunological synapse indicating a defect in T cell signaling.   

Expression of Rab22 dominant negative mutant prevents T cell conjugate 

formation with antigen presenting cells.  To quantify the effects of Rab22 

dominant negative on T cell conjugate formation, we used imaging flow 

cytometry to count the number of Rab22-transfected cells in stable conjugates.  

After 20 h of transfection, Jurkat T cells were incubated with APCs that had been 

pulsed with SEE bacterial toxin.  Cells were incubated for 45 minutes at 37oC 

and then processed for flow cytometry.  Expression of the Rab22 dominant 

negative mutant inhibits T cell conjugate formation with antigen presenting cells  
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Figure 25.  Rab22 polarizes to the immunological synapse and co-
localizes with phosphorylated tyrosine.  A.  Rab22 does not polarize to 
the site of contact with an APC in resting samples (-SEE).  There is a low 
level of basal tyrosine phosphorylation in resting T cells.  B.  Rab22 WT 
and Rab22Q64L polarize to the immunological synapse.  They co-localize 
with phosphorylated tyrosine.  Rab22Q64L leaves the endocytic-recycling 
compartment during activation and is on the plasma membrane at the 
contact site between the cells (bottom panel).  Dominant negative Rab22 
does not polarize to the synapse and there is decreased phosphorylated 
tyrosine indicating a reduction in T cell signaling (middle panel). Scale bar 
represents 6µm. 
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(Figure 26A).  Examination of the Rab22-expressing cells in conjugates revealed 

that Rab22 wild type polarizes to the synapse.  Rab22 co-localizes with 

phosphorylated Lck, the kinase associated with CD4 and initiating T cell signaling 

(Figure 26B, left panel).  Rab22S19N does not polarize to the immunological 

synapse (Figure 26B, right panel).  Rab22S19N cells also show a decrease 

and/or mis-targeting of phosphorylated Lck.  The inability of Rab22S19N cells to 

form stable conjugates could be due to altered membrane trafficking modulated 

by Rab22.   

Rab22 is near CD4 in the endocytic-recycling compartment.  We observed 

altered trafficking of Lck in Rab22S19N mutants (Figure 26B, right panel).  Lck is 

associated with the cytoplasmic tail of CD4 in T cells at the plasma membrane.  

We hypothesized that Rab22 could play a role in Lck trafficking and that there 

might also be some co-localization between CD4 and Rab22.  Jurkat cells were 

fixed and labeled for steady state CD4 and Rab22 (Figure 27A).  Rab22 is mostly 

in the endocytic-recycling compartment.  There appears to be a very small pool 

of CD4 in the endocytic-recycling compartment (arrows) but it is largely at the 

plasma membrane.   

During T cell conjugate formation, Rab22 polarizes to the immunological 

synapse (Figure 27B).  CD4 is also found at the immunological synapse but CD4 

positive membranes are not exclusively polarized as some CD4 remains on the 

opposite side of the synapse (arrows).  Rab22 often forms a ring or half circle 

structure near the immunological synapse (arrow heads).  CD4 appears to be 

inside this ring and trafficking toward the immunological synapse.  There is very  
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Figure 26.  Dominant negative Rab22 inhibits T cell/APC conjugate 
formation and Rab22 co-localizes with phosphorylated Lck.  Jurkat T cells 
were transfected with GFP tagged Rab22 wild type, dominant negative, or 
constitutively active mutants.  A.  Conjugate assays and analysis with imaging 
flow cytometry shows that Rab22 dominant negative significantly inhibits T 
cell/APC conjugate formation.  Graph represents two experiments analyzed with 
unpaired t test (p<0.05). Error bars represent ±SD.  B.  Representative panels 
from imaging flow cytometry show Rab22 polarizing to the immunological 
synapse and co-localizing with phosphorylated Lck (left panel).  Rab22 
dominant negative stays distributed in the cytoplasm.  Expression of 
Rab22S19N alters Lck localization.  Lck is mis-targeted to the synapse (right 
panel, arrowheads) or is decreased at the synapse (right panel, arrows).   
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Figure 27.  Rab22 is near CD4 in the endocytic-recycling compartment.  A.  
Resting Jurkat T cells were labeled for endogenous Rab22 and CD4.  Rab22 is in 
the endocytic-recycling compartment.  CD4 is primarily at the plasma membrane.  
B. Jurkat T cells were incubated with SEE pulsed APCs.  After 30 minutes of 
conjugation, cells were fixed and analyzed with confocal microscopy.  Rab22 
polarizes to the immunological synapse.  CD4 positive membranes are at the 
immunological synapse but some CD4 remains unpolarized (arrows).  Rab22 
forms a ring or half circle structure (arrow heads) that surrounds CD4. Scale bar 
represents 6µm.    
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little co-localization between CD4 and Rab22.  Despite the effects of Rab22S19N 

on the localization of phosphorylated Lck, Rab22 does not co-localize with CD4.   

Rab22 knock out prevents T cell conjugate formation with antigen 

presenting cells.  Jurkat T cell lines with Rab22 knock out were created using 

CRISPR/Cas9 technology.  We established two cell lines (designated 1B and 2A) 

that were not expressing Rab22 (Figure 28A).  These cells were incubated with 

antigen presenting cells that had been pulsed with SEE.  After 30 minutes of 

incubation at 37oC, the conjugates were fixed and analyzed with imaging flow 

cytometry.  The Rab22 knock out cell lines are significantly inhibited from forming 

conjugates (Figure 28B) with antigen-presenting cells.  This indicates that Rab22 

is required for conjugate formation and may be important in membrane trafficking 

to establish the immunological synapse.   

Rab22 dominant negative reduces Jurkat T cell spreading on activating 

coverslips.  Although the T cell/APC conjugate assay is a valuable model for 

studying trafficking in T cells, we wanted to assess membrane cell spreading 

when Rab22 mutants are over expressed.  To accomplish this, we employed 

CD3 antibody coated coverslips.  The CD3 antibody from clone OKT3 has the 

ability to activate T cells when bound to poly-L-lysine coated coverslips.  We 

transfected Jurkat T cells with Rab22 wild type, dominant negative, or 

constitutively active mutants and then plated them on antibody-coated coverslips 

for 10 minutes followed by fixation.  The cells were labeled for phosphorylated 

tyrosine and actin.   
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Figure 28.  Rab22 knock out inhibits T cell conjugate formation with an 
antigen-presenting cell.  A.  Cell lines were created using the CRISPR/Cas9 
system to delete Rab22 from the Jurkat T cell genome.  Knock out was 
confirmed with western blot analysis.  B.  Rab22 knock out lines were 
conjugated to APCs that had been pulsed with SEE.  After 30 minutes, 
conjugates were fixed and analyzed with imaging flow cytometry.  In the 
absence of Rab22, Jurkat T cells cannot form stable conjugates with APCs.   

 



	 109	

In the GFP-expressing control cells, there are phosphorylated tyrosine 

clusters similar to what has been previously reported (Balagopalan et al 2013).  

Actin is seen on the ruffling edges of the GFP control as the cell spreads on the 

activating coverslip (Figure 29, top panel).  Rab22WT is seen in the endocytic-

recycling compartment and localized to the plasma membrane as the cell 

spreads (Figure 29, second panel).  Actin is present on the edges of the cell, 

similar to the GFP control.  However, expression of RabS19N drastically reduces 

spreading of the T cell (Figure 29, third panel) indicating that Rab22 is required 

for cell spreading.  Actin ruffles are present near the center of the cell and not on 

cell edges.  In contrast, Rab22Q64L overexpression causes the formation of 

filopodia that are actin-dense.  These cells seem to have lost some lamelopodia 

and do not have round edges like the GFP control (Figure 29, fourth panel).   

T cell/APC conjugate formation occurs in the absence of CME.  It is well 

established that dynamin is required for clathrin-mediated endocytosis (van der 

Bliek et al 1993).  However, it is not known whether clathrin-mediated 

endocytosis is required to form the immunological synapse and stable 

conjugations between T cells and APCs. To test this requirement, Jurkat T cell 

were transfected with GFP-tagged dynamin wild type or the inactive mutant 

K44A.  We had previously established that expression of dynamin K44A reduces 

CME internalization (Figure 13A).  After 20 hours of dynamin WT or K44A 

expression, the cells were conjugated with SEE-pulsed antigen-presenting cells 

for 45 minutes.  Conjugates were fixed and analyzed with imaging flow 

cytometry.  Expression of the dynamin K44A mutant does not inhibit T cell 
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conjugate formation (Figure 30).  This shows that clathrin-mediated endocytosis 

is not required for T cell immunological synapse formation and stable conjugate 

formation and suggests that CIE membrane trafficking is central to the process.  
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Figure 29.  Rab22 dominant negative prevents T cell spreading on 
activating coverslips.  Jurkat T cells were transfected with GFP 
tagged Rab22 wild type, S19N, or Q64L.  They were plated on 
coverslips that had been coated with an antibody against the T cell 
receptor, which causes T cell activation.  After 10 min of incubation at 
37oC, cells were fixed and processed for confocal microscopy.  The 
Rab22 wild type mutants spread similar to the GFP control cells in a 
round shape with actin ruffles on the outer edges of the cell.  
Rab22S19N is not capable of spreading on activating coverslips.  The 
Rab22Q64L produces long filopodia that contain phosphorylated 
tyrosine clusters and actin (arrowheads).  Rab22Q64L alters the overall 
shape of the activated cells. Scale bar represents 6µm.  
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Figure 30.  Jurkat T cell conjugate formation is not dynamin-
dependent.  Cells were transfected with GFP tagged dynamin 
wild type or the inactive dynamin mutant K44A.  Twenty hours 
after transfection cells were conjugated to SEE pulsed Raji cells.   
Expression of inactive dynamin does not prevent T cell/APC 
conjugate formation. 
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CHAPTER FOUR: DISCUSSION 

4.1 CIE is conserved among cell types. 

We showed that the clathrin-independent endocytic pathway is similar in 

the Jurkat T cell as compared to other cell lines.  There are multiple types of 

endocytic pathways, but our work specifically focuses on the Arf6-associated 

clathrin-independent pathway, which is dependent on cholesterol (Naslavsky et 

al 2004).  The rates of internalization of clathrin-independent cargo have been 

analyzed in adherent cell lines (Dutta & Donaldson 2015, Naslavsky et al 2004).  

Jurkat T cells are distinct from adherent lines in that they grow in suspension, are 

less than half the size of most adherent lines, and express a unique set of 

plasma membrane proteins required for activation. Rates of internalization in 

Jurkat T cells occurs at rates similar to adherent cell lines.  This confirms 

conservation of CIE across multiple cell types and highlights its importance in 

cellular function.  In addition, recycling rates of CIE cargo in resting T cells were 

not drastically different when compared to HeLa cell lines (Dutta & Donaldson 

2015).  

 We reveal that in the Jurkat T cell, internalization of CIE cargo proteins 

occurs in small vesicles devoid of the CME cargo protein, transferrin receptor 

and there is a soring event shortly after internalization. CIE cargo types were 

previously established in other cell lines (Eyster et al 2009). One type, 

designated A cargo proteins, stay in small vesicles near the periphery while the B 

cargo proteins are trafficked deeper in to the cell to the endocytic-recycling 

compartment.  This segregation is consistent with previous reports of CIE cargo 
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protein sorting which is based on the presence of an acidic cluster in the 

cytoplasmic domain of A cargo proteins and the microtubule binding protein 

Hook1 (Maldonado-Baez et al 2013). Internalization and sorting events are 

preserved in the Jurkat T cell indicating that these are conserved properties of 

clathrin-independent endocytic trafficking and important for proper cell function.   

CIE in the Jurkat T cell is also not dependent on the GTPase dynamin.  This was 

an important characteristic to establish as the requirement for dynamin in clathrin 

independent endocytosis can vary depending on the cell type (Boucrot et al 

2015).   

We found that expression of Arf6 constitutively active mutant caused the 

formation of large vacuoles that contained CIE cargo proteins.  This is consistent 

with previous reports (Eyster et al 2009, Naslavsky et al 2004).  Over-expression 

of the Arf6 constitutively active mutant can increase the rates of internalization in 

some cell types at early times after transfection (Naslavsky et al 2004). However, 

at later time points, Arf6 vacuoles accumulate and CIE becomes blocked.  This is 

due to the fact that the vacuoles accumulate over time and become enriched with 

PIP2 (Brown et al 2001) and cholesterol (Naslavsky et al 2004).  This causes an 

indirect inhibition of internalization by sequestering molecules required for 

endocytosis.  In other cell types, Arf6 must be inactivated at or shortly after 

internalization and then again activated to recycle plasma membrane to the cell 

surface (Radhakrishna & Donaldson 1997).  Whether Arf6 is also required for 

recycling in the Jurkat T cell line remains to be tested. 
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It is interesting to note that CD4 was also present in these vacuoles 

despite the fact that it contains a clathrin-mediated internalization sequence in its 

cytoplasmic tail.  This signal sequence is masked if not correctly phosphorylated 

(Pitcher et al 1999).  It is likely that in the T cell resting state, CD4 cannot be 

efficiently phosphorylated and therefore enters the cell in a clathrin-independent 

manner (Pitcher et al 1999).  CD4 is constitutively endocytosed and recycled 

(Nagy et al 2006).  Analysis of the CD4 trafficking pattern in Jurkat T cells is 

reminiscent of A type CIE cargo proteins as CD4 vesicles stay in small 

endosomes near the periphery of the cell and do no co-localize with EEA1 (data 

not shown).  

Continued characterization of CIE in Jurkat T cells revealed that Rab22 is 

required for clathrin independent endocytosis of MHCI.  Rab22 has been 

implicated in both cargo internalization and early endosome interactions (Mesa et 

al 2001, Zhu et al 2009).  Association of endogenous Rab22 at the plasma 

membrane with CIE cargo proteins was not apparent.  However, these 

interactions may be transient and require live cell imaging of GFP tagged Rab22. 

This is the first time Rab22 has been implicated in the internalization of CIE 

cargo proteins.  

Another interesting phenotype was that expression of Rab22 constitutively 

active mutant resulted in delayed CIE protein internalization, but rates eventually 

equaled controls.   Closer inspection of Rab22Q64L-expressing cells showed 

that the cells have a few large vacuoles (data not shown).  These vacuoles are 

smaller in number than Arf6 vacuoles.  It is unknown at this time if they contain 
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CIE cargo proteins. Arf6 vacuoles do not contain Rab22 (data not shown) but we 

do not know if Rab22 vacuoles contain Arf6.  It is possible that Rab22 directly 

controls internalization.  Overexpression of this active Rab could push 

pinocytosis to a macropinocytosis-like event.  Further study is needed to define 

the role of these large vesicles in endosomal trafficking of the Jurkat T cell.   

In the endocytic-recycling compartment, Rab22 co-localized with the CIE 

cargo protein MHCI and the CME cargo protein transferrin.  Rab22s location in 

this compartment suggests that it plays a role in cargo recycling.  Indeed this has 

been reported in multiple other cell lines with multiple cargo types (Kauppi et al 

2002, Magadan et al 2006, Mesa et al 2001, Weigert et al 2004).  Recycling 

assays by imaging flow cytometry proved to be very difficult and it remains to be 

determined whether Rab22 affects recycling in the Jurkat T cell.   

One final thought regarding resting T cells is that our analysis did not 

assess the effects of Arf6 and Rab22 on A type CIE cargo proteins.  Investigation 

of A cargo is more difficult for technical reasons and its endocytosis cannot be 

accurately modeled using the current methods.  It is important to note that A 

cargo (i.e. CD98) and B cargo (i.e. MHCI) are affected differently by actin 

inhibitors and microtubule inhibitors (data not shown).  It is possible that the 

effects of Arf6 and Rab22 could also be specific to CIE cargo types but this 

remains unknown at this time. 

In conclusion, trafficking of clathrin-independent derived membranes is 

highly conserved in resting T cells.  Figure 31 shows a model of CIE trafficking in 

resting T cells.  CIE cargo sorting occurs in Jurkat cells in a similar manner as 
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other cell lines. Jurkat cells perform CIE and this trafficking is dependent on the 

small GTPases Arf6 and Rab22.  In this model, I hypothesize that Arf6 interacts 

with the plasma membrane as a lipid modifier.  It makes the plasma membrane 

amenable to vesicle formation through lipid conversion or actin rearrangement.  

In contrast to Arf6, which needs to be inactive for CIE to occur, Rab22 needs to 

be active to perform its role in internalization, as the Raab22S19N mutant inhibits 

endocytosis.  The finding that Rab22 is required for internalization of the CIE 

cargo protein MHCI is novel.  I further hypothesize that Rab22 acts downstream 

of Arf6’s plasma membrane modification to complete vesicle internalization.  The 

specific role played by Rab22 in CIE remains to be determined.  
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Figure 31.  Model: Clathrin-independent endosomal pathway in 
resting Jurkat T cells.  CIE cargo proteins are internalized most likely 
after Arf6 has established a favorable lipid composition at the plasma 
membrane.  Arf6Q67L creates large vacuoles, inhibiting further 
internalization of CIE cargo.  Rab22 is required for internalization of CIE 
cargo proteins as expression of the Rab22S19N mutant prevents 
internalization of CIE cargo proteins.  Rab22 most likely acts 
downstream of Arf6.   
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4.2 CIE is required for T cell conjugation 

In this study, we have established that clathrin independent endosomal 

trafficking is required for T cell conjugate formation. The immunological synapse 

is a unique membrane environment that is cholesterol rich (Burack et al 2002) 

and also contains several proteins that enter the cell in a clathrin-independent 

manner including LFA-1 and CD4 (Huppa & Davis 2003).  Inhibiting CIE by 

expressing Arf6 or Rab22 mutants inhibits T cell conjugate formation suggesting 

a critical role for clathrin independent trafficking.     

There are multiple experimental methods to activate T cells.  We chose to 

activate Jurkat T cells with antigen presenting cells that had been pulsed with 

staphylococcal enterotoxin E (SEE).  SEE is classified as a superantigen, which 

is capable of activating T cells in a non-specific but highly potent manner 

(Llewelyn & Cohen 2002).  In our early work, we examined the membrane 

dynamics between a Jurkat T cell and an APC using transmission electron 

microscopy.    As expected, the membrane connection between these two 

immune cells during activation is complex.  The T cell plasma membrane actively 

wraps around portions of the APC membrane.  

Further analysis of the role of CIE in conjugate formation showed that Arf6 

positive membranes polarize to the immunological synapse. These membranes 

are also positive for phosphorylated tyrosine, an indicator of TCR signaling 

(Huang & Wange 2004). Arf6 has multiple effector proteins that alter trafficking 

(Donaldson 2003) and it has been shown to specifically target proteins to 

establish polarity in many cell types.  One example is in the formation of epithelial 
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cysts, which form from an individual unpolarized cell to a highly organized 

spherical structure with an apical lumen and a basolateral surface that interacts 

with extracellular matrix.  Depleting Arf6 in epithelial cells causes the formation of 

inverted cysts suggesting Arf6 is playing a role in establishing epithelial polarity 

(Monteleon et al 2012).   Indeed, Arf6 has been shown to interact with the 

polarity protein Par3 in polarized epithelial sheets (Ikenouchi & Umeda 2010) and 

with the polarity complex Par6-atypical protein kinase C in astrocytes (Osmani et 

al 2010). 

Polarity complexes in T cells during conjugate formation have been 

carefully examined on a temporal scale (Ludford-Menting et al 2005).  Thirty 

minutes after conjugate formation, Par3 is near the conjugate site while other 

polarity proteins like Scribble and Discs large homolog remain on the opposite 

side of the conjugation (Ludford-Menting et al 2005).  It is possible that Arf6 is 

acting at the immunological synapse to recruit specific proteins that contribute to 

the establishment of polarity.  

We found that inhibition of Arf6 through expression of the dominant 

negative prevented the T cell from wrapping plasma membrane around the APC.  

Also, the phosphorylated tyrosine signaling was in a punctate pattern rather than 

highly enriched at the immunological synapse. When analyzed by imaging flow 

cytometry, the cells did not efficiently form stable conjugates.  This effect is not 

likely due to an endocytosis defect because Arf6T27N did not affect 

internalization rates of CIE or CME cargo proteins.  It is more likely that Arf6 is 

controlling recycling of endosomes required for conjugate formation.   It has 
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previously been reported that it affects recycling by stimulating phospholipase D 

to create phosphatidic acid (Jovanovic et al 2006).  Phosphatidic acid has been 

reported in many cell types to be required for recycling (Giridharan et al 2013, 

Henmi et al 2016).  The role of Arf6 in recycling in the Jurkat T cell remains to be 

tested but it most likely contributes to the ability to form a successful conjugate.   

Similar to Arf6T27N overexpression, Arf6Q67L overexpression also 

reduced conjugate formation by more than 35%.  This phenotype could be 

related to the inefficient trafficking of CIE membrane.  Arf6Q67L indirectly inhibits 

CIE, which could be required for proper formation of the immunological synapse.  

The fact that both mutants of Arf6 created a similar impairment in T cell 

conjugate formation, although acting to control membrane traffic at different 

cellular locations, is consistent with other observations.  This emphasizes the 

requirement for cycling of Arf6 between the active and inactive form.   

Continued examination of CIE related proteins in T cell conjugation 

showed that Rab22 polarized to the immunological synapse within the first 10 

minutes of interaction with an SEE pulsed APC.    This is the first report of Rab22 

in T cells.  Rab22 is only present in vertebrates (Pereira-Leal & Seabra 2001) 

suggesting it plays a role in specialized cell function, possibly within the adaptive 

immune response.    

Endogenous Rab22 polarization to the immunological synapse appeared 

to be connected to movement of the microtubule organizing center, which has 

been carefully characterized during T cell activation (Huse 2012).  Indeed, 

labeling of the trans Golgi network indicated that Rab22 was closely associated 
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and in the area of the endosomal recycling compartment. This localization could 

indicate a role for Rab22 in endosomal recycling in the T cell as has been 

previously observed in other cell lines (Kauppi et al 2002, Weigert et al 2004).   

Movement of Rab22 toward the immunological synapse was apparent 

during expression of Rab22 wild type and the constitutively active mutant.  The 

dominant negative mutant remained cytoplasmic with no obvious targeting to the 

endosomal recycling compartment or the plasma membrane.  It is important to 

note that the constitutively active mutant is not enriched in the endocytic 

recycling compartment and localizes exclusively to the plasma membrane.  This 

could indicate that Rab22, when active, is targeted to the plasma membrane.  

This observation supports the role for Rab22 acting in clathrin independent cargo 

internalization, which was examined in this report and previously in bulk fluid 

uptake (Mesa et al 2001). 

Rab22 wild type and the constitutively active mutant both co-localize with 

phosphorylated tyrosine.  This is relevant because phosphorylation of proteins at 

the immunological synapse is one of the earliest events to establish efficient T 

cell signaling (Brownlie & Zamoyska 2013).  Rab22 could be directly interacting 

with components of T cell signaling that are required to form the immunological 

synapse.    

Further analysis showed that Rab22 is necessary to form stable 

conjugates between T cells and antigen presenting cells.  Conjugate formation is 

an important event in T cell activation.  It is theorized that proper conjugate 

formation leads to appropriate long term signaling events in the T cell (Davis & 
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Dustin 2004). Whether this Rab22 associated membrane contains T cell 

synapse-required cholesterol, transmembrane proteins, lipids, or all of these 

components remains to be tested.   

In Jurkat T cells over- expressing Rab22, phosphorylated Lck is 

concentrated at a point directly adjacent to the contact site between the T cell 

and the APC.   It co-localizes with Rab22.  In contrast, cells expressing the 

dominant negative have mis-targeted or reduced phosphorylated Lck at the 

synapse. Lck associates with the cytoplasmic tail of CD4 in T cells and is critical 

for T cell activation.  Upon activation, Lck phosphorylates the ITAM domains on 

the T cell receptor, initiating a signaling cascade (Palacios & Weiss 2004). We 

have yet to determine if Lck is not being properly trafficked to the synapse when 

Rab22 is inactive, or if there is a defect in its phosphorylation status once it has 

arrived there.   

We found that Rab22 and Arf6 (data not shown) are required for cell 

spreading.   Establishment of the immunological synapse depends on membrane 

rearrangements to create a signaling platform.  The T cell wraps and spreads its 

plasma membrane around the APC (Fooksman et al 2010).  This rearrangement 

is quite drastic.  Arf6 has been shown to play a role in cell spreading by altering 

the actin cytoskeleton (Song et al 1998), recruiting paxillin to create focal 

adhesions (Kondo et al 2000), and by trafficking lipid rafts required for adhesion 

protein placement (Balasubramanian et al 2007).  Rab22 is also required for cell 

spreading most likely due to its role in membrane recycling (Maldonado-Baez et 

al 2013). Arf6 could be affecting conjugate formation by controlling actin 
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rearrangement or placement of adhesion molecules on the plasma membrane 

required for cell spreading, while Rab22 could be controlling cell spreading 

through movement of membranes through the clathrin independent endosomal 

pathway.   

Figure 32 depicts a model of how clathrin independent endosomal 

trafficking may be contributing to the immunological synapse.  Arf6 is located on 

the plasma membrane and acts to alter lipid composition to allow internalization. 

Rab22 is located on the plasma membrane and in the endocytic-recycling 

compartment and must be active to internalize CIE cargo.  In this model, clathrin 

independent endocytosis is occurring and these membranes are then being 

redistributed to the synapse.   

This model seems counterintuitive from the model of actin flow for T cells.  

It has been established that anterograde actin flow is required to drive clustering 

of the T cell receptor (Billadeau et al 2007, Yi et al 2012).  These experiments 

analyzing actin are often done on activating coverslips.  In this system, an 

immobile antibody is binding the T cell receptor.  This could alter endocytosis of 

the TCR.  Although the TCR is considered a CME cargo, we are now aware that 

reducing CME can alter rates and subsequent trafficking of CIE cargo (Dutta & 

Donaldson 2015).  It is possible that antibody coated coverslip activation may not 

be the best method for analyzing membrane trafficking. 

Another consideration is that experiments examining actin in CD4+ T cells 

are often imaged for short periods of time immediately after activation.  Our 

system examines T cells at much later times after activation in the context of a 
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conjugate.  It is possible that CD4+ T cells clear the actin cytoskeleton at the site 

of synapse to allow for membrane trafficking.  This is observed in CD8+ cells, 

which clear the actin cytoskeleton to allow for vesicle trafficking (Ritter et al 

2015).   A careful temporal analysis of actin in T cell conjugates should be done 

to accurately model actin rearrangement.   

In conclusion, CIE is a conserved process observed in many cell types.  

The movement of membranes derived independently of clathrin through both 

endocytosis and most likely recycling, is important for immunological synapse 

formation.  Importantly, Rab22 is required for CIE and T cell conjugation. This 

indicates that non-clathrin membrane trafficking is required for T cell 

immunological synapse formation and T cell/APC conjugate formation.  This 

hypothesis is further supported by the fact that dynamin inhibition does not affect 

T cell conjugate formation, a stunning observation considering these cells have 

had CME inhibited for 15 hours.  This is the first time that Arf6 and Rab22 have 

been shown to play a role in immunological synapse formation.   
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Figure 32.  Model: Clathrin independent endosomal pathway in 
immunological synapse formation.  As the immunological synapse 
forms, clathrin independent derived membranes interact with Arf6 and its 
effectors.  Internalization is completed with Rab22.  CIE membranes are 
directed to the form the immunological synapse.  Membranes derived 
independently of clathrin are required for immunological synapse 
formation as inhibiting CIE with ARF6Q67L or Rab22S19N prevents T 
cell conjugate formation.   
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CHAPTER FIVE: FUTURE DIRECTIONS 

This dissertation has explored clathrin-independent endocytosis in resting 

T cells.  CIE is conserved between Jurkat T cells and other cell lines.  Arf6 and 

Rab22 both play a role in clathrin-independent internalization. This work has also 

explored the role of CIE in establishment of the immunological synapse and T 

cell conjugate formation with an antigen-presenting cell.  We know that inhibition 

of CIE in T cells prevents proper formation of the IS.  Future work should be 

directed at determining the specific molecular mechanisms of Arf6 and Rab22 in 

T cell conjugate formation.   

We utilized the T cell line Jurkat because it is a highly amenable cell type 

for electroporation and it is easily maintained.  However, this cell line may have 

slightly altered signaling pathways when compared to primary T cells (Shan et al 

2000).  It is critical that the role of CIE in primary T cells be assessed.  

Transfection of primary T cells is difficult, but analysis of Arf6 and Rab22 mutants 

in resting and conjugated primary T cells is critical for establishing their role in the 

immune system.  

Arf6 and Rab22 have both been implicated in cell spreading 

(Balasubramanian et al 2007, Maldonado-Baez et al 2013, Song et al 1998).  It is 

possible that these GTPases are affecting T cell conjugate formation through a 

cell-spreading defect.  The ability of T cells expressing mutant Arf6 or Rab22 

should be carefully analyzed.  Cell spreading can drastically alter vesicle 

trafficking (Diz-Munoz et al 2013) and the inability to spread could significantly 

alter establishment of the immunological synapse.   
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Another possibility is that the activities of Arf6 and Rab22 can reduce T 

cell signaling leading to a reduction in conjugate formation.  To test TCR 

signaling, cells expressing the GTPase mutants can be activated with soluble 

antibodies against the TCR and then analyzed by western blot for the 

phosphorylation status of different proteins at the immunological synapse.  A 

separate sample can be chemically activated with phorbol 12-myrsitate 13-

acetate and ionomycin, which bypasses TCR stimulation.  This will help us to 

distinguish between a T cell signaling defect and the possible cell-spreading 

defect mentioned previously. 

The fact that Arf6 is a broadly acting GTPase, possibly functioning at 

multiple locations, makes further analysis difficult.  Arf6 has been implicated in 

membrane recycling as expression of Arf6T27N reduces the amount of 

membrane returned to the surface (Jovanovic et al 2006, Radhakrishna & 

Donaldson 1997).  It is also known that membrane recycling is important for 

proper IS formation (Patino-Lopez et al 2008).  The possibility that Arf6 could be 

altering T cell/APC conjugate formation by affecting membrane recycling needs 

to be explored by first establishing a recycling assay compatible with GTPase 

mutant expression.   

Arf6 also produces lipid messengers that are directly involved in altering 

the actin cytoskeleton (Al-Awar et al 2000, Boshans et al 2000) and it is well 

established that actin rearrangements are required for proper immunological 

synapse formation (Valitutti et al 1995).   An analysis of the actin cytoskeleton in 
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cells expressing Arf6 mutants will address whether or not these cells can 

effectively polarize their actin cytoskeleton.  

Similar to Arf6, Rab22 has been implicated in recycling of membranes 

derived independently of clathrin (Maldonado-Baez et al 2013).  However, Rab22 

specifically inhibits internalization in Jurkat T cells.  Blocking CIE by expressing 

Rab22S19N could alter the cells ability to redistribute and polarize membrane to 

form the immunological synapse.  The exact role of Rab22 in clathrin 

independent endocytosis has yet to be determined.  However, one known Rab22 

effector is Rabex5.  Active Rab22 recruits Rabex5 to very early endosomes (Zhu 

et al 2009).  Rabex5 then activates Rab5 to allow for endosome maturation.  

Rab22 could be acting in the same manner in the Jurkat T cell to form early 

endosomes and facilitate early endosomal interactions.  It is not known if Rab22 

has any earlier effectors including BAR domain containing proteins or proteins 

that interact with microtubules, which could be used in earlier endocytic events.   

In this work, we identified CD4 as a CIE cargo protein due to its location in 

Arf6 vacuoles.  CD4 interacts with Lck to facilitate T cell activation.  Expression of 

Rab22S19N alters Lck distribution and reduces phosphorylated Lck in T cell 

conjugates.  It is possible that Rab22 is controlling endocytosis of CD4, which is 

associated with Lck, and inefficient trafficking of CD4 is reducing conjugate 

formation.  However, there are also free pools of Lck that are not associated with 

CD4 (Zimmermann et al 2010).  Lck can be palmitylated allowing for its 

association with membrane and membrane bound vesicles.  Rab22 could be 

trafficking the free pool of Lck and their interaction should be explored further. 
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More general future experiments will include analyzing the components of 

the IS in cells expressing GTPase mutants that prevent T cell/APC conjugate 

formation.  Antibodies for the phosphorylated and unphosphorylated forms of 

many proteins at the synapse including TCR zeta, Lck, LAT, and Zap70 are 

available and work well for immunofluorescence.  Confocal Z stacks can be 

quantified to assess differences in synapse formation in Arf6Q67L, Arf6T27N, 

and Rab22S19N expressing T cells.  

Finally, the role of clathrin independent endocytosis has been 

underappreciated.   It is a critical process used not only for cellular homeostasis, 

but also for specialized cellular functions like establishing unique plasma 

membrane domains.  It is highly likely that CIE is not only important for CD4+ T 

cells, but for all cells within the adaptive immune response including antigen-

presenting cells which are constantly sampling their environment through 

endocytic pathways.  Now that this work has established the presence of CIE in a 

specialized immune cell function, it can be more closely evaluated in individual 

cell types.   
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CHAPTER SIX: PROTEOMIC ANALYSIS OF CLATHRIN-INDEPENDENT 

CARGO INTERACTIONS 

6.1 Abstract 

 The molecular mechanisms for clathrin-independent cargo internalization 

and sorting are still being determined.  Some sorting machinery has been 

identified but how early vesicles are formed is still unknown.  In this work, we 

used the SNAP-tag system to isolate CIE cargo proteins and then elute their 

binding partners.  The unknown binding partners were then analyzed using 

reverse phase liquid chromatography and tandem mass spectrometry.   We 

identified multiple proteins that could play a role in CIE internalization and 

subsequent cargo sorting.  Three proteins of interest include NHERF-1 and ezrin, 

which participate in actin arrangements, and Dlg-1, a known scaffolding protein 

for synaptic vesicles.  Ezrin and Dlg-1 co-localize with the CIE cargo protein 

CD98 in HeLa cells indicating that they could be interacting in cells.   
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6.2 Introduction 

Clathrin-independent endocytosis (CIE) is a bulk pathway of internalization 

used for the uptake of nutrients and recycling of plasma membrane and plasma 

membrane proteins.  Unlike clathrin-mediated endocytosis (CME), the cargo 

proteins for CIE do not contain a recognition sequence that allows them to 

interact with adaptor proteins for clathrin cage formation.  Little is known about 

the internalization machinery used in CIE, but it is associated with the small 

GTPase Arf6.  Once CIE cargo has been internalized, there are sorting events 

leading to recycling or degradation of cargo.  The molecular players responsible 

for internalization and sorting are still being determined.  Proteomics analysis 

could identify new molecular machinery important in internalization or recycling. 

Endocytic vesicles have been studied using various proteomic methods.   

Synaptic vesicles have been analyzed identifying fusion and retrieval machinery 

(Blondeau et al 2004, Coughenour et al 2004, Volknandt & Karas 2012), 

intracellular signal transduction molecules, and proteins regulating vesicle 

structure formation.   Endocytic vesicles have been isolated, often by density 

gradient centrifugation and then analyzed using proteomic methods to determine 

the proteins associated with individual fractions (Borner et al 2014, McPherson 

2010, Stasyk et al 2010).   

Another method for discovering protein/protein interactions is to 

immunoprecipitate cargo proteins of interest and then carry out proteomic 

analysis to identify their binding partners.  This method has been quite effective 

in identifying machinery required for internalization and post-translational 
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modifications of cargo proteins (Adung'a et al 2013, Tong et al 2009).  The 

vacuoles formed in cells expressing Arf6Q67L that are associated with Arf6-

associated CIE have also been enriched and analyzed for proteomics, allowing 

the identification of novel cargo proteins, scaffolding proteins, GTPases, and 

tethering proteins (Eyster et al 2009).  These approaches are highly targeted for 

newly formed vesicles that have a specific lipid composition.  

SNAP-tagging of CIE cargo proteins 

 In order to study endocytic trafficking, researchers often rely on antibody 

internalization assays.  In this method, soluble antibodies bind cell surface 

proteins and then the antibody/protein complex is internalized and trafficked 

through the cell. Several problems exist with this method of analysis.  Antibodies 

are large and could perturb endocytosis or alter trafficking.  Also, surface 

antibodies are typically removed with a high salt, low pH buffer, which could 

change cell membrane dynamics.  In order to avoid the addition of a large 

antibody and the harsh acidic wash that follows, the SNAP tag system was 

developed to analyze endocytosis and recycling.   

 The SNAP tag is based on the DNA repair protein O6- alkylguanine-DNA- 

alkyltransferase (hAGT).  In this system, hAGT transfers the alkyl group of its 

substrate (O6- alkylguanine-DNA) to one of its cysteine residues (Keppler et al 

2003).  This transfer causes covalent binding to O6-benzylguanine (BG).  

Because hAGT can use other substrates containing derivatives of O6-

benzylguanosine with substituted benzyl rings, it can be used for in vivo labeling 

of hAGT fusion proteins.  Tagging the BG with a reporter molecule like a 
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fluorescent probe or biotin, then allows for quantitative analysis of this stable 

bond (Cole & Donaldson 2012).  

In Solution Mass Spectrometry 

 Mass spectrometry is a powerful tool that was developed over one 

hundred years ago.  The physicist Joseph John Thompson first described it in 

1897.  Initial use for biological samples was limited, but development of 

electrospray ionization (ESI) (Fenn et al 1989) and matrix-assisted laser 

desorption ionization (MALDI) (Karas & Hillenkamp 1988) allowed for rapid 

expansion of use of these techniques for biological samples.  Mass spectrometry 

works by first digesting proteins into peptides, separating the sample with liquid 

chromatography, ionizing the fragments, and then passing them through a mass 

analyzer (Feist & Hummon 2015).  The peptides arrive at different points within a 

detector making them identifiable (Hoffmann & Stroobant 2007).  This allows 

quantitative and qualitative data about the proteins of interest. This form of 

proteomic analysis allows for a global characterization of proteins.  It was derived 

to avoid the difficulty of separating complex mixtures and provides information 

about protein-protein interactions in a rapid and cost efficient manner. 

Mass spectrometers measure the mass and abundance of molecules and 

can determine the identity of unknown proteins.  There are many types of mass 

spectrometers but they are all based on a similar principle.  Electrons are 

generated from a heated filament and concentrated into a beam using a 

magnetic field (Hoffmann & Stroobant 2001).  The beam travels through samples 

that have been charged and vaporized with ESI.  The beam causes the charged 
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fragments to break into a characteristic and reproducible pattern.  A mass 

analyzer separates the fragments based on their mass to charge ratio (m/z).  

After separation, the charged particles are measured for abundance and amino 

acid sequence.   

Tandem mass spectrometry is even more sensitive than mass 

spectrometry analysis alone.  During tandem mass spectrometry (MS/MS) a 

sample is separated once using ESI or MALDI techniques.  This breaks the 

proteins down to produce ions in a process called collisional activation (Hoffmann 

& Stroobant 2001).  These peptides are then analyzed by their mass using time 

of flight analysis. Time of flight is a method in which the m/z ratio is determined 

based on the time it takes to travel through a known acceleration field (Ziady & 

Kinter 2009).   

Proteolytic Cleavage 

Mass spectrometry is dependent on breaking proteins down to amino acid 

fragments.  Protein cleavage is carried out using enzymes or chemicals.  Trypsin 

is the most commonly used enzyme because it is stable under many different 

conditions, aggressive, and cleaves fragments in the ideal length for tandem 

mass spectrometry (Olsen et al 2004).  Trypsin is a protease with a highly 

specific digestion pattern.  It hydrolyzes peptide bonds where the carbonyl group 

is followed by an arginine or a lysine with the exception of lysine or arginine 

being linked to aspartic acid (Hanne Hustoft 2012, Huynh et al 2009).  Optimal 

trypsin digestion occurs at pH 7.5-8.5 and warming the samples to 37oC can 

enhance activity.  The ratio of trypsin to protein within a sample must be within a 
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range to allow for sufficient sample digestion while not causing trypsin autolysis 

and therefore contamination of the protein sample.  The ideal ratio of enzyme to 

protein is 1/20 (Hustoft et al 2011).  

Reverse Phase Liquid Chromatography and Electrospray Ionization 

  Liquid chromatography (LC) is used to physically separate a liquid mixture 

into its basic components.    In reverse phase, this separation occurs while a 

flowing polar liquid (mobile phase) runs over a stationary hydrophobic matrix 

(Snyder et al 2010).  The components of the mixture bind molecules based on 

their interaction with a matrix packed in to a column.  Molecules that interact with 

the matrix longer travel through the column slower.  To elute the separated 

components, the polarity of the mobile phase is decreased causing a reduction in 

hydrophobic interactions (Dong 2006).  After separation and elution, the proteins 

are ionized with electrospray ionization (ESI).  ESI allows for the transfer of 

molecules in solution to the gaseous phase.  Proteins are charged while in 

solution and then sprayed into a fine mist.  The solvent used to charge the 

proteins is evaporated away leaving charged droplets (Hoffmann & Stroobant 

2001).  A nebulizing gas, nitrogen, shears around the droplets making them 

smaller and smaller.  As the droplets become reduced in size by evaporation, 

there is an increase in surface charge.  A critical point is reached in which it is 

kinetically favorable for ions at the surface of the droplets to enter the gaseous 

phase (Ho et al 2003).  In this gaseous state, the molecules can be analyzed 

through mass spectrometry.   
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6.3 Materials and Methods 

Cell Lines and Growth Medium 

 HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM: 

Lonza) with 10% fetal calf serum (Atlanta Biologicals).  Media was supplemented 

with 2mM glutamine (Lonza).  Cells were maintained by incubating with 5% CO2 

at 37oC.  Cell lines stably expressing SNAP fusion proteins were produced by 

transfecting (Fugene: Life Technologies) HeLa cells with SNAP tag Tac, SNAP 

tag CD98, and SNAP tag CD147 plasmids.  Expressing cells were selected for 

with the antibiotic G418 (Sigma-Aldrich).  Clonal expansion of each cell line was 

then carried out.   

 All SNAP constructs contained the signal peptide of hen lysozyme directly 

before the second amino acid of the SNAP tag.  Following the SNAP tag is a 

(GGGGS)2 linker. SNAP tag Tac was cloned into the mammalian expression 

vector pcDNA3.1.  SNAP-tag CD147 (accession no. NM_198589) was cloned 

into the mammalian expression vector pcDNA3.1.  SNAP-tag CD98 was 

constructed by fusing the open reading frame (pSEMS1-26m) (New England 

Biolabs, Inc.) on to the C-terminus of CD98.  All constructs were cloned and 

amplified using standard cloning and PCR techniques.  

Protein Labeling and Extraction 

 Stable cell lines were plated onto 100mm cell culture treated dishes.  Ten 

dishes were used for each stable expressing cell line and they were grown to 

80% confluence before labeling.  To ensure adequate labeling with no 

endocytosis, the plates were rocked at 4oC for 30 min in 5 µM of BG-biotin 
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diluted in complete media.  BG-biotin was aspirated and 10 ml of complete media 

was added to the cells.  The plates were placed in an incubator with 5% CO2 at 

37oC and incubated for 10 min.  This warming period allowed for a small amount 

of endocytosis to occur.  Cells were rinsed twice in phosphate buffered saline 

(PBS). 

 In order to maximize the amount of protein-protein interactions with CIE 

cargo proteins, we used the cell permeable cross-linking agent dithiobis 

(succinimidylpropionate) (DSP).  It was dissolved in DMSO to 20 mM and then 

added to Hank’s Buffered Salt Solution (HBSS) at a final concentration of 2 mM.  

Cells were incubated at room temperature for 30 minutes with gentle rocking.  To 

stop the cross-linker DSP, 10 mM Tris at pH 7.5 was added to the cells to 

compete with the cross linking reaction and quench any remaining DSP.  Cells 

were rinsed twice in cold PBS and lysed in 2 mL of cold lysis buffer (50 mM 

hepes 7.4, 150 mM NaCl, 1 mM MgCl2, 1% triton X-100, 1 mM PMSF, and 

cOmplete Protease Inhibitor Cocktail (Roche)).  Lysates were incubated on ice 

for 15 min vortexing every 5 min.  Lysates were centrifuged at 4oC for 10 min at 

14,000 rpm.   

SNAP Protein Pull Down  

 Supernatants were removed and placed in a clean microcentrifuge tube.  

Streptavidin coated beads (Sigma) were rinsed twice in PBS and 100uL was 

added to each sample. Samples were incubated at room temperature for 1 hour 

with rotation and then beads were washed three times with lysis buffer and once 

with PBS.   
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 Elution of cross-linked proteins from the SNAP tagged CIE cargo was 

accomplished with 500uL of 6M guanidine, 50mM dithiothreitol, and 50mM tris(2-

carboxyethyl)phosphine (TCEP) with rotation for 30 minutes at room 

temperature.  To alkylate the sample, 20mM iodoacetamide was added and 

incubated at room temperature with rotation for 30 minutes.   

TCA Precipitation and Peptide Digestion 

 To concentrate the sample for LC/MS-MS analysis, we performed a 

trichloroacetic acid (TCA) precipitation with 28% TCA in water.  The samples 

were incubated at 4C for 10 minutes and centrifuged at 14,000 rpm for 5 

minutes.  Samples were rinsed in cold acetone 4 times.  Proteolytic digestion 

was carried out in 100uL of 100mM tris, pH 8.5 with trypsin at a ratio of 1/20 

(enzyme/protein) assuming 10ug total protein based off earlier analysis.  Proteins 

were digested overnight in 37oC water bath.   

Reverse Phase Chromatography 

With the assistance of the National Heart and Lung and Blood Institute 

Proteomics Core, the peptides were loaded on a Zorbax 300SB-C18 trap column 

(Agilent) and then separated on a reverse phase Picofrit analytical column (New 

Objective).  The mobile phase was established with a linear gradient of 5-35% 

acetonitrile in 0.1% formic acid.   

Mass Spectrometry Protein Analysis 

With the assistance of the National Heart and Lung and Blood Institute 

Proteomics Core, the protein database search was performed using Proteome 

Discoverer v1.3 Software (Thermo Scientific).  Scaffold v3.3.3 Software 
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(Proteome Software) was used to assess the data.  Interacting partners were 

selected after setting the minimum protein threshold to 95% and a minimum 2-

fold increase in peptide number over HeLa cell only control. 

Immunofluorescence 

 HeLa cells were plated at 60% confluence on sterile coverslips (#1.5) and 

incubated overnight.  Cells were incubated in complete media with CD98 

antibody (clone MEM-108, Biolegend) for 35 minutes at 37oC.  To remove 

surface bound CD98 antibodies, cells were rinsed for 30 seconds in 0.5% acetic 

acid and 0.5 M NaCl at pH 3.0.  Cells were fixed in 4% formadehyde for 10 

minutes and non-specific binding was blocked with 10% FBS in PBS .  Cells 

were permeabilized with 0.02% saponin.  Endogenous ezrin was detected with 

rAb from abcam and endogenous Dlg-1 was detected with rAb from Cell 

Signaling.   
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6.4 Results 

Little is known about internalization machinery within the Arf6-associated 

clathrin-independent endocytic pathway.  We used a proteomics approach to 

identify binding partners to the cytoplasmic tail of CIE cargo proteins.  We used 

HeLa cells with stable expression of different SNAP tag proteins including the 

alpha chain of the interleukin 2 receptor (Tac), CD98, and CD147.  Tac is not 

endogenously expressed in HeLa cells but is often used as a reporter molecule 

for CIE (Karabasheva et al 2014, Santini et al 1998).   It is classified as B type 

cargo in the CIE pathway (Figure 4).  CD98 and CD147 have been established 

as A type cargo proteins within CIE (Figure 4).  They are sorted out of early 

endosomes and directly recycled to the plasma membrane.  We wanted to 

directly compare interacting partners of A and B cargo proteins. 

To isolate CIE cargo proteins, we labeled the cells expressing SNAP 

tagged protein with a BG biotin probe at 4oC and then briefly warmed the cells.  

The cells were lysed and SNAP tag-BG complexes pulled down with streptavidin-

coated beads.  Protein complexes were eluted, precipitated with trichloroacetic 

acid (TCA), enzymatically digested, and then analyzed with liquid 

chromatography- tandem mass spectrometry (LC-MS/MS) (Figure 33).   

CIE cargo proteins can be isolated and visualized by SDS-PAGE.  

Optimizing protein elution and concentration was difficult.  Figure 34 shows a 

representative example of a Coomassie stained sodium dodecyl sulfate- 
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Figure 33.  Flow chart of CIE cargo analysis with mass spectrometry.  
Cells lines stably expressing CIE cargo proteins with a fused SNAP tag were 
created.  The SNAP tag was labeled and CIE cargo proteins were isolated.  
Binding partners of CIE cargo were eluted, TCA precipitated, and digested 
with trypsin.  Samples were then subjected to reverse phase liquid 
chromatography, electrospray ionization, and mass spectrometry analysis.   
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polyacrylamide gel after electrophoresis.  For the first four samples, we simply 

boiled the streptavidin beads after the elution to visualize any remaining proteins.   

The first lane, the HeLa cell only control, shows non-specific interactions 

with the beads.  The second lane contains cells overexpressing SNAP-tag 

CD147 with a band at the predicted molecular weight of about 76kDa.  The third 

lane shows overexpression of the SNAP-tag Tac with a band at 75kDa, and the 

fourth shows overexpression of SNAP-tag CD98 at about 95kDa.  The strong 

interaction between the BG biotin probe and the streptavidin causes the CIE 

cargo    proteins to be excluded from the elution.  This removal of CIE cargo from 

the sample, and purification of binding partners is beneficial for more accurate 

proteomics. 

The next four samples show the elutions from the streptavidin beads after 

elution.  The HeLa cell only elution (lane 5) shows non-specific interacting 

partners that bind to the beads.  The SNAP-tag CD147 (lane 6), SNAP-tag Tac 

(lane 7), and SNAP-tag CD98 samples (lane 8) show a number of similar bands. 

However, there were several bands, most of high molecular weight that were 

apparent in the SNAP-tag CD98 sample but not SNAP-tag Tac sample 

(arrowheads).  Elutions were sent to the National Heart, Lung, and Blood 

Proteomics Core for reverse phase liquid chromatography and mass 

spectrometry analysis.      

CIE cargo proteins bind NEHRF1 and ezrin.  Analysis of the mass 

spectrometry data led us to identify several potential proteins that could be 

involved in internalization or sorting at the plasma membrane.  We were most  



	 144	

  

150kDa 

75kDa 

50kDa 

37kDa 

100kDa 

1 2 3 4 5 6 7 8 

Beads Elutions 

Figure 34.  Coomassie stained gel of CIE SNAP tagged cargo proteins 
and elutions containing their binding partners.  Representative protein gel 
of SNAP tag isolation and binding partner elutions shows streptavidin beads in 
HeLa cell alone control (lane 1 & 5) bind some non-specific proteins.  The first 
four lanes were derived from boiling the streptavidin beads in reducing agent.  
The tagged cargo proteins are present (lane 2- SNAP tag CD147, lane 3- 
SNAP tag Tac, lane 4- SNAP tag CD98).  Lanes 5-8 show eluted, 
concentrated binding partners.   There are protein binding differences  
(arrowheads) between the SNAP tag Tac (B cargo, lane 7) and the SNAP tag 
CD98 (A cargo, lane 8). 
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intrigued by proteins that interacted with A cargo and not B cargo or B cargo and 

not A cargo as these proteins could be used for sorting at the plasma membrane 

or sorting after internalization.  Table 2 shows some of the membrane trafficking-

relevant proteins that we isolated with CD98 and CD147.  These binding partners 

could play a role in protein arrangement at the plasma membrane, internalization, 

or subsequent trafficking.  The table identifies the localization and function of 

these proteomic hits.   

One interesting interaction that occurred with CD98 and CD147 was with 

two proteins: Na+/H+ Exchanger Regulatory Factor (NHERF1) and ezrin.  Both 

of these proteins are part of the ezrin-radixin-moesin (ERM) protein family, which 

plays a role in linking the actin cytoskeleton to the plasma membrane.  NHERF1 

and ezrin were not detected with SNAP-tag Tac.  

The CIE cargo protein CD98 co-localizes with ezrin.  To analyze the 

association of ezrin with CIE cargo proteins, we performed antibody 

internalization assays with a monoclonal antibody for CD98.  CD147 and CD98 

are two CIE cargos that have similar trafficking patterns (Eyster et al 2009) but 

the CD98 antibody is more amenable to endocytic assays.  Thus, we decided to 

use CD98 antibodies instead of CD147 antibodies.  After 30 minutes of 

internalization, the cells were fixed or rinsed in a low pH wash to remove surface 

bound antibody and then fixed.  They were labeled for endogenous ezrin and 

examined by confocal microscopy.  In HeLa cells, A type cargo proteins are 

trafficked through long endosomal tubules (Figure 35, arrowheads).  
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Interestingly, these tubules also contain ezrin.  There is also a large amount of 

co-localization in punctate structures throughout the cell.  A confocal Z stack 

projection shows that this co-localization is at the dorsal side of the cell (Figure 

35, left panel).  When the cells are washed with a low pH buffer to remove 

surface labeling, the amount of co-localization with CD98 is greatly decreased.   

CIE cargo proteins bind discs large homolog-1.  Mass spectrometry 

identified CD98 and CD147 as interacting partner of discs large homolog-1 

(Dlg1).  Dlg1 is a scaffolding protein that has been implicated in numerous 

trafficking events including delivery of cargo to polarized membranes (Marcello et 

al 2007), delivery of cargo to lipid rafts (Inoue et al 2006) and endocytosis 

(Osterweil et al 2005).  Its established role in trafficking led us to the hypothesis 

that it could be acting in CIE as a scaffold for endosomal movement. 

Dlg-1 co-localizes with the CIE cargo protein CD98.  To further 

characterize the association of Dlg-1 with CIE cargo proteins, we performed an 

antibody uptake assay to follow the trafficking of CIE cargo proteins. After 

antibody internalization the cells were fixed or rinsed with a low pH buffer and 

then fixed.  Endogenous Dlg-1 was labeled and appeared to be mostly 

cytoplasmic and could be seen on CD98 endosomal tubules (Figure 36).  A 

confocal Z stack shows Dlg-1 co-localizing with CD98 positive membranes 

Figure 36, bottom left panel).  When the cells were rinsed in the low pH buffer, 

this co-localization was decreased.   
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Name Accession 
Number Location Molecular 

Weight Activity 

Myosin-9 MYH9_HUMAN cytoplasmic 227 kDa actin motor 

Myristoylated 
alanine-rich C-
kinase substrate 

MARCS_HUMAN plasma membrane 32 kDa actin crosslinker 

Septin-9 SEPT9_HUMAN cytoplasmic 65 kDa GTPase 

Plexin-B2 PLXB2_HUMAN transmembrane 205 kDa actin arrangement 

Na(+)/H(+) 
exchange 
regulatory 
cofactor NHE-
RF1 

NHRF1_HUMAN cytoplasmic 39 kDa actin linker 

Tubulin beta-2A 
chain TBB2A_HUMAN  cytoplasmic 50 kDa GTPase 

Ezrin EZRI_HUMAN cytoplasmic 69 kDa actin linker 

Septin-7 SEPT7_HUMAN cytoplasmic 51 kDa GTPase 

WD repeat-
containing 
protein 44 

WDR44_HUMAN cytoplasmic 101 kDa Rab effector 

Annexin A2 ANXA2_HUMAN  cytoplasmic 39 kDa membrane 
dynamics 

Discs Large 
Homolog 1 DGL1_HUMAN cytoplasmic 100 kDa vesicle transport 

Table 2.  Binding Partners of CIE A cargo proteins.  Some of the binding 
partners for CD98 and CD147 are listed with their accession number, cellular 
location, molecular weight, and cell activity.  Source: Scaffold v3.3.3.   
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Ezrin	

CD98	

Low	pH	Wash	
A. B. 

Figure 35.  Ezrin co-localizes with the CIE cargo protein CD98.  Cells 
were subject to an antibody internalization assay and then fixed or rinsed 
with a low pH wash before fixation.  Endogenous ezrin was labeled.  A.  
Ezrin co-localizes with CD98 in cells that have not been rinsed in low pH 
wash.  Ezrin and CD98 co-localize on endosomal tubules.  Z stack 
analysis shows that this co-localization is mainly on the dorsal side of the 
cell (bottom, left panel).   B.  Cells rinsed with low pH wash have less co-
localization between ezrin and CD98.  Scale bar represents 5µm.   
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DLG-1	

CD98	

Low	pH	Wash	
A. B. 

Figure 36.  Dlg-1 co-localizes with the CIE cargo protein CD98.  Cells 
were subject to an antibody internalization assay and then fixed or rinsed 
with a low pH wash before fixation.  Endogenous Dlg-1 was labeled.  A.  
Dlg-1 co-localizes with CD98 in cells that have not been rinsed in low pH 
wash.  Dlg-1 and CD98 co-localize on endosomal tubules.  Z stack 
analysis shows that this co-localization is mainly on the dorsal side of the 
cell (bottom, left panel).   B.  Cells rinsed with low pH wash have less co-
localization between Dlg-1 and CD98.  Scale bar represents 5µm.   
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6.5 Discussion 

In this work, we sought to identify interacting partners of CIE cargo 

proteins.  Little is known about the internalization machinery and sorting 

machinery required for non-clathrin-mediated endocytosis.  Using stably 

expressed CIE cargo proteins with a SNAP tag, we effectively isolated CIE cargo 

proteins and then removed and concentrated their interacting partners for 

bottom-up protein mass spectrometry.  We identified multiple interacting partners 

that could play a role in retention at the plasma membrane, endocytosis, and 

sorting. 

Two interacting partners that were of great interest to us were NHERF1 

and ezrin, which did not interact with SNAP tag Tac.  NHERF1 has been directly 

linked to cell surface receptor internalization (Nisar et al 2012).  Ezrin has also 

been shown to play a role in the recycling of CIE cargo proteins (Stanasila et al 

2006).  When ezrin binds to NHERF1, it induces significant changes in NHERF1 

conformation leading to increased binding of PDZ domains.  PDZ domains are 

named after the first letter of three proteins- post synaptic density protein 95, 

drosophila disc large tumor suppressor and zona occludens-1 which were 

originally identified as containing the domain.  PDZ domains are critical for 

building protein complexes and anchoring cell surface receptors to the actin 

cytoskeleton (Lee & Zheng 2010).   

NHERF1 is also called EBP50 and it has an indirect link to Arf6.  NHERF1 

is capable of binding a cytosolic GAP called EP164 that inactivates Rab35 

(Hanono et al 2006).  EP164 has been shown to regulate membrane trafficking 
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though it’s binding of Arf6 (Hanono et al 2006).  It is possible that NHERF1 

regulates CIE protein trafficking through this link with Arf6.  More data is needed 

to confirm this hypothesis. 

Ezrin has been shown to connect cargo proteins to the actin cytoskeleton 

(Imoukhuede et al 2009).  Ezrin could be playing a similar role with “A” type 

cargo, linking them to the actin network and therefore retaining them at the 

plasma membrane.  This could possibly explain their differential trafficking and 

lack of deep intracellular trafficking to the endosomal-recycling compartment.   

Discs large homolog-1 has been explored mostly in neuronal cells.  It 

plays a direct role in endocytosis from the plasma membrane and signaling 

(Dunn et al 2013, Dunn et al 2014).  It contains PDZ domains.  Its role in 

endocytosis makes it an ideal candidate for a CIE-related trafficking protein.  

However, defining its specific function in CIE could prove to be difficult.  There 

are four genes in mammals encoding Dlg-1-4 which have similar properties 

(Roberts et al 2012). Knock down of one Dlg protein might not be sufficient to 

analyze trafficking phenotypes.  It also appears to have multiple functions in the 

cell including establishing polarization (Van Campenhout et al 2011), an 

oncogene (Cavatorta et al 2004, Lin et al 2004), and a tumor suppressor (Fuja et 

al 2004).  More data is needed to decipher if DLG-1 is playing role in trafficking of 

membranes endocytosed without clathrin. 

It should be noted that many proteins interacting with CD98 and CD147 

are important for cytoskeletal rearrangements.  This is intriguing because A 

cargo proteins and B cargo proteins seem to have different associations with the 
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actin network.  Certain actin inhibitors increase the uptake of A cargo proteins but 

not of B cargo proteins (data not shown).  The role of the actin cytoskeleton in A 

cargo plasma membrane retention and A cargo internalization and direct 

recycling remains to be elucidated.   
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