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Abstract 

Imaging of HIV-1 Spread from T cells and Macrophages to Astrocytes 
 
Written by Thao Do, Green Templeton College, Submitted for the degree of 
Doctor of Philosophy at University of Oxford, Michaelmas Term 2014 
 
 CD4+ T cells and macrophages are the principal targets of HIV-1. They 

can be productively infected with the virus and transfer virions to contacting 

bystander cells. It has been suggested that soon after initial infection, free 

virions and virus-bearing or infected T cells and macrophages can enter the 

brain, triggering a cascade of inflammatory signals and recruitment of other 

immune cells. Chronic inflammation and increased viral antigens in the brain 

lead to HIV-1 associated neuropathy.  

 Once free virions or infected cells enter the central nervous system, the 

first type of brain cells that they are likely to encounter are astrocytes, which 

extend endfeet around the blood vessels. These cells have been observed to 

contain virions and viral products, but their permissivity to productive infection 

has not been clearly demonstrated. By contrast, productive infection of resident 

microglia and perivascular macrophages is well established.  

 Here, I investigate the permissivity of astrocytes to HIV-1 infection and 

found no evidence of infection by the free route. However, I found that 

astrocytes intimately contact HIV-1 infected macrophages and CD4+ T cells 

and, in some cases, extend filopodial membrane toward the infected cell. In 

astrocyte-T cell contact sites, termed synapses, virions appear to move along 

the astrocytic filopodia from the T cell to the astrocyte. In this case, the target 

cell mediated viral transfer across the intercellular gap.  

 HIV-1-infected macrophages released virus that associated with 

astrocytes, remaining either on the surface of the astrocytes or within 

intracellular compartments. HIV-1 bound to astrocytes could be transmitted 

efficiently to permissive cells in trans. However, astrocyte-associated virus was 

sensitive to inhibitors including proteases and neutralizing antibodies, 

suggesting a surface-accessible compartment. This work provides insight into 

mechanisms of HIV-1 spread in the brain from infected CD4+ T cells and 

macrophages to astrocytes and their potential as virus reservoirs.  

 I also optimized high resolution, correlative focused ion beam scanning 

electron microscopy technology to answer fundamental biological questions. I 

demonstrate the application of the technology to study skeletal muscle cell 

differentiation mechanisms. I combine the power of genetic mapping with 

structural analysis to qualitatively and quantitatively describe cellular states and 

functions. Using semi-automatic image processing analysis, I was able to 

compute high volumes of data and generate statistics that relate quantitative 

measurements of cellular structures to functions. The toolset developed here 

will be instrumental in studying cells and tissues in both research and clinical 

applications.   
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1 Introduction 

1.1 Origins and discovery 

 More than 34 million people worldwide are infected with HIV and more 

than 30 million have died from HIV-related causes (1). HIV is a lentivirus in the 

Retroviridae family that causes acquired immunodeficiency syndrome (AIDS).  

There are two types of HIV: HIV-1 and HIV-2. HIV originated in chimpanzees 

(HIV-1) and sooty mangabeys (HIV-2) that were infected with simian 

immunodeficiency virus (SIV). Humans who hunted or sold bushmeat often 

acquired SIV (2). Through serial passages of SIV between humans, possibly by 

cross-contaminated vaccine and drug injections in Africa between 1950-1970, 

SIV mutated into HIV (3).  

 HIV-1 has increased virulence (4) and a higher rate of transmission (5, 6) 

than HIV-2. Thus, HIV-1 is spread globally, especially in developing countries, 

and accounts for most of the total HIV infection while HIV-2 is mainly confined in 

West Africa (7, 8). This thesis focuses on HIV-1. HIV-1 can be transmitted from 

human to human through contaminated blood (blood transfusions, needle stick 

injury, intravenous drug sharing) and fluid transfer from mother to baby 

(breastfeeding, pregnancy), but the dominant mode of spread is between sexual 

partners (75-85% of HIV infection worldwide) (9). 

 The earliest case of HIV-1 infection was dated to 1959 (10) but it was not 

until June 1981 when the first documented cases were reported. Healthy gay 

men in New York and California were hospitalized after contracting 

Pneumocystis carinii pneumonia and a rare skin cancer called Kaposi’s 

sarcoma (11). Baffled by the new disease, doctors could only provide palliative 

care to patients, who often died within months of diagnosis (12).  In 1983, Luc 
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Montagnier’s team in France (13) and Robert Gallo’s group in the United States 

(14) made a breakthrough when they finally linked HIV-1 to AIDS.  

1.2 Structure of the HIV-1 virus 

 HIV-1 virions are spherical with an average diameter of ~145 nm with 

cone-shaped cores (15) (Figure 1.1). The viral particle is bound by a lipid 

membrane, inside of which is the p17 matrix protein (MA). The viral envelope is 

decorated with gp120 surface glycoprotein and gp41 transmembrane 

glycoprotein; together, these envelope (Env) glycoprotein trimers form the 

characteristic spikes that allow the virus to bind to the cellular receptors. The 

Env trimers are masked by complex carbohydrate glycans to evade immune 

recognition (Figure 1.2). Gp120 has five relatively conserved regions (C1-C5) 

and five variable regions (V1-V5) organized into inner and outer domains 

connected by 4-stranded anti-parallel β sheet, called the bridging sheet (16). 

  HIV-1 particles also contain viral enzymes (reverse transcriptase (RT), 

integrase (IN), and protease (PR)), viral accessory proteins (viral protein u 

(Vpu), viral infectivity factor (Vif), viral protein r (Vpr), p6, negative regulatory 

factor (Nef)), and viral regulatory proteins (regulator of virion (Rev) and trans-

activator of transcription (Tat)).  

 Within the spherical shell, p24 capsid protein (CA) makes up the conical 

core with a length of ~100-120 nm and a diameter of ~50-60 nm (15, 17) that 

harbors the genomic viral ribonucleic acid (vRNA) coated with p7 nucleocapsid 

protein (NC) and associated with RT, IN, MA, and Vpr. These products are 

encoded in nine different HIV genes: gag (MA, CA, NC, p6), pol (PR, RT, IN), 

env (SU, TM), tat, rev, nef, vpr, vif, vpu (Figure 1.3 A) on two identical positive 

single stranded RNA (ssRNA).   
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Figure 1.2 Model of gp120/gp41 on HIV-1 envelope from cryo-transmission 
electron microscopy (cryo-TEM) created by Torben Schiffner. Top: glycans are 
removed. Bottom: glycans are present. Left: top view. Right: side view. Viral 
envelope (yellow), sub-volume averaging of electron tomography of Env 
(mesh), gp120 (tan), gp41 (sky), CD4 binding site (red), V1/V2 loops (navy), V3 
(green), co-receptor binding site (purple), N-linked glycans (brown).  

Figure 1.1 Structure of HIV-1 virus shows two copies of RNA and viral proteins 
inside a conical p24 capsid contained within p17 matrix protein and lipid 
membrane. The envelope contains trimeric gp120 and gp41 glycoproteins. 
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1.3 HIV-1 replication cycle 

 A summary of the HIV-1 replication process is reviewed in (18–21) 

(Figure 1.3 B). HIV-1 subverts many host cell mechanisms to replicate.  

1.3.1 Viral entry: Env cluster   

 To establish infection, Env spikes form a tight cluster at the contact zone, 

creating an “entry claw” to facilitate entry (22). The efficiency of HIV-1 entry is 

directly correlated with its ability to form an Env cluster (23), possibly because 

the low number (~8-10) of Env trimers available on the envelope require a 

concerted localised action (24). Env clustering is induced by the maturation 

process through the interactions between Gag and Env proteins prior to CD4 

engagement. When immature virion buds from a cell membrane, Env trimers 

incorporate into the virion in a randomly dispersed distribution through the 

interactions of gp41 C-terminal tail and the Gag polyprotein (Figure 1.3 C) (25–

27). At this stage, Env lateral movement is limited by the rigid immature 

hexameric Gag lattice. When the virion matures, PR cleaves the Gag 

polyprotein, separating the MA and CA and allowing Env trimers to mobilize to a 

single focal point and engage with the CD4 receptor on the target cells (23).  

1.3.2 Viral attachment: cellular receptors  

 In most cases, HIV-1 gp120 attaches to the cellular surface receptor CD4 

(28, 29) and subsequently to a chemokine co-receptor, either C-X-C Chemokine 

Receptor Type 4 (CXCR4) (30) or C-C Chemokine Receptor Type 5 (CCR5) 

(31, 32), on the host cell membrane. The binding of gp120 to CD4 is often weak 

because of the low number of CD4 receptors on most HIV-1 permissive cells 

and the limited accessibility to the sterically-restricted CD4-binding site on the 

Env trimer (33). Other molecules have been reported to stabilize and enhance 

viral attachment (reviewed in (33)), such as heparin sulphate  
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Figure 1.3 HIV-1 genome contains nine different HIV genes: gag (MA, CA, 
NC, p6), pol (PR, RT, IN), env (SU, TM), tat, rev, nef, vpr, vif, vpu. Figure 
from (508) (A). Replication cycle of HIV-1: virus engages with cellular 
receptors and fuses with the cell membrane, allowing the viral RNA to 
enter. The viral RNA is reverse transcribed into viral DNA, which integrate 
into the host genome. Through normal cellular processes, mRNA and 
proteins are produced. Viral components are packaged at the cell 
membrane and new virions bud, taking some of the cell membrane.  
Maturation of the HIV-1 virion induces the cleavage of Gag polyproteins, 
separating the matrix and capsid proteins, and triggers Env clustering. (C). 
Figure from (23). 
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proteoglycans (34, 35), lymphocyte function-associated antigen 1 (LFA-1) (36, 

37) and other integrins (37–39), intercellular adhesion molecules 1-3 (ICAM-1, 

ICAM-2, ICAM-3) (36, 37, 40), galactosylceramide (GalCer) (41), and C-type 

lectins (33, 42) including mannose receptors (43–45) and dendritic cell-specific 

intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) (42, 46, 

47). 

1.3.3 Viral tropism   

 Viral tropism can be classified by co-receptor usage and replication 

capacity in specific cell types. Viruses are identified by co-receptor mediated 

entry such as CXCR4 (CXCR4-tropic, X4), CCR5 (CCR5-tropic, R5), and both 

(R5X4). CD4+ T cells and macrophages are the main target cells for HIV-1 in 

vivo (48); thus, virus isolates are also categorized as macrophage (M-tropic), T 

cell (T-tropic), or dual (D-tropic) (49). Transmitted or founder viruses found 

immediately after HIV-1 enter a new host use CCR5 almost without exception 

(50, 51) to target macrophages and dendritic cells (DC) in the mucosa and gut 

associated lymphoid tissue (GALT) in sexual transmission (52). These R5 

viruses inefficiently infect cells initially but evolve to have increased positive 

charge (53) or switch to CXCR4 (2-63% isolates) over time in 50% of infected 

individuals (54, 55). These later X4 variants can have reduced abilities to infect 

cells using R5-mediated entry, suggesting that the switch might be linked to the 

declining infectious capability of R5 isolates in an adapting immune system (55). 

Co-receptor switching is associated with faster disease progression toward 

AIDS and decreasing CD4 count (56–58).  

 Initially, viruses that target macrophages were generally classified as R5, 

and those that target T cells were classified as X4, however, it is now 

recognized that macrophages and T cells can be infected by X4, R5, or R5X4 
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viruses. The classification of viral tropism has changed over time as new 

evidence shows that although co-receptor usage is related to target cell tropism, 

they are distinct from each other (59). For example, both macrophages and 

lymphocytes express CCR5 and CXCR4 at varying levels, but R5X4 strains 

mainly use CXCR4 to enter T lymphocytes even though T lymphocytes are 

permissive to CCR5-mediated entry by R5 strains. In contrast, R5X4 strains use 

both CCR5 and CXCR4 to enter macrophages (59, 60). Although macrophages 

are primarily infected by R5 viruses, resulting in varying (up to 1000 fold) 

replication capacities, many R5 viruses cannot infect macrophages (61) and 

some  X4 viruses can infect sub-populations of macrophages (49, 62). This 

evidence suggests that viral tropism is driven, at least in part, by the target cell.  

1.3.3.1 CD4+ T cells 

 T cells are classified as CD4+ T helper cells, CD8+ cytotoxic T cells, 

regulatory T cells, and natural killer T cells (NKT). CD4+ T helper cells are the 

main HIV-1 targets. Naïve T cells (not yet exposed to antigens) express CXCR4 

but not CCR5 and so are targeted by X4-tropic but not R5 viruses while 

activated memory T cells (antigen experienced) are targeted primarily by R5-

tropic viruses (63). Virus entry in CD4+ T cells can result in productive infection 

in activated T cells or latent infection in resting T cells. Latent infection in resting 

T cells is restricted by deoxynucleoside triphosphate triphosphohydrolase 

(SAMHD1). SAMHD1 is abundantly expressed in resting T cells but can be 

degraded by viral proteins in some HIV-1 strains, leading to viral entry and 

integration but not necessarily viral production or T cell activation (64, 65).  

1.3.3.2 Macrophages 

 Macrophages are professional antigen presenting cells (APC) that are 

derived and replenished by circulating monocytes originating from the bone 
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marrow (66). They are present in all tissues and modulate homeostasis by 

engulfing cellular debris and foreign antigens in a process termed phagocytosis 

(67). Macrophages also regulate inflammatory responses by producing 

cytokines and chemokines that recruit leukocytes to tissues and trigger or 

suppress cellular activation in situ (68). Macrophages are highly diverse and 

plastic: they can polarize toward a pro-inflammatory M1 state (classically 

activated) to promote host cell defense against insults or an anti-inflammatory 

M2 state (alternatively activated) to support tissue remodelling (69). Compared 

to T cells, macrophages express low levels of CD4 (70) and activation of T cells 

can down-regulate CD4 expression in macrophages (71). 

 Tissue-specific heterogeneity can influence HIV-1 permissivity in 

macrophages. For example, productive infection occurs in vaginal macrophages 

but not in intestinal macrophages (72). The non-permissiveness of intestinal 

macrophages is probably due to down regulation of CD4 and CCR5 expression 

and nuclear factor kappa-light-chain enhancer of activated B cells (NF-b) 

activation (73). In immune tissues in late disease stages, HIV-1 strains are 

predominantly non-M-tropic with high positive charge on the gp120 V3 loop, 

whereas in brain tissue and cerebrospinal fluid, HIV-1 strains are predominantly 

M-tropic with lower gp120 charge (53, 74). M-tropic variants mainly target 

perivascular macrophages and resident microglia in the brain (74). Brain 

macrophages express CCR5 but very low levels of CD4; this limitation is 

overcome by changes in gp120 that enhance the ability of M-tropic isolates to 

interact with CD4 and CCR5 (75–77). Thus, in the brain, M-tropic viruses have 

evolved to infect cells with low levels of CD4 (78).    
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1.3.3.3 HIV-1 receptor negative cells  

 Many cells do not express HIV-1 receptors (CD4, CXCR4, CCR5) at 

detectable levels but may associate with HIV-1 virions. For example, CD4- 

astrocytes, neurons, brain microvascular endothelial cells (BMVE), epithelial 

cells, lymphocytes, thymocytes and cardiomyocytes have all been reported to 

contain HIV-1 in vivo (79). In the brain, astrocytes, oligodendrocytes, neurons, 

and BMVE do not have CD4 receptors and therefore are unlikely to become 

productively infected (80). HIV-1 bound to CD4- cells, such as fibroblastoid cells 

and astrocytes, can transfer HIV-1 to T cells, leading to productive infection (81, 

82). CD4- cells, including epithelial, endothelial, and astrocytes, can receive 

HIV-1 virions by cell-cell contact with macrophages (83). Previous studies 

proposed that infected cells prime contacting CD4- or co-receptor- cells, such 

as astrocytes, in a cooperative trans-receptor mechanism that allows the target 

cell to acquire the HIV-1 receptors and become susceptible to infection (79, 84).      

1.3.4 HIV-1 transmission mechanisms 

 HIV-1 transmission occurs through the transfer of free virus or, more 

efficiently, through the transfer of cell-associated virus from one cell to another, 

termed “cell-cell transfer” in sexual transmission (85, 86). HIV-1 transfer can 

occur by three main mechanisms: 1) direct free virus infection, 2) trans-infection 

from virus-bearing cells (e.g. DC –T cell) or 3) direct infection from infected cells 

(e.g. T cell-T cell, macrophage-T cell) (87). 

1.3.4.1 Free virus infection 

 Free virus infection can occur at the surface plasma membrane (88). At 

the early stage of infection, Langerhans cells  (89) and DCs at the mucosa 

surfaces in the vagina, ectocervix, and male foreskin can become infected with 

free virus mediated by the CCR5 co-receptor (90). Immature DCs use DC-SIGN 



 19 

and HIV-1 entry receptors to facilitate infection and de novo viral production; 

these newly synthesized particles are transferred to T cells and contribute to 

long-term HIV-1 transmission (91, 92).  

1.3.4.2 Trans-infection: Immunological synapse 

 DCs participate in viral transmission using the in trans mechanism via the 

immunological synapse (IS) (93). The IS is defined as an intercellular junction 

where immunological events occur, such as receptor engagement and cytokine 

secretion between T cells and APC (87, 94). At the IS, many types of non-HIV-

1-specific interaction can occur that promote viral transfer. In DC-T cell IS, cell 

surface C-type lectins, such as DC-SIGN, bind to HIV-1 mannose glycan on 

Env and mediate viral adsorption at the mucosa (42). DCs internalize HIV-1 

inside intracellular compartments and migrate to the lymph nodes. Upon contact 

with CD4+ T cells, virions are relocated from the DC compartments to the IS, 

resulting in CD4+ T cell infection in trans without the DCs becoming infected 

(Figure 1. B).  

1.3.4.3 Direct infection: Virological synapse  

 Virions can also be transferred from an infected cell to a target cell 

across a virological synapse (VS). A VS is similar to, but distinct from, an IS and 

defined as a cytoskeleton-dependent, stable adhesive junction formed between 

two contacting but non-fused cells, where viral material can be directly 

transferred from the effector cell to the target cell by the cellular machinery (87, 

95). In T cell-T cell VS, the binding of an HIV-1 infected T cell to a CD4+ target 

T cell results in rapid actin-dependent polarized accumulation of Env and Gag in 

capped, lipid raft assembly domains on the effector cell and CD4, CXCR4, talin, 

LFA-1 on the target cell (36, 95, 96). ICAM-1 on the effector cell engages with 

LFA-1 on the target cell to stabilize the transient cellular contacts (36, 94). The 
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microtubule organizing center (MTOC) in the infected T cell reorients toward the 

target T cell to support direct virion transfer by the cell secretory pathway (97) 

(Figure 1. A, D). The VS structure can contain interdigitated membrane sheet 

and/or filopodial protrusions from both host and target cells (98), such as in DC- 

T cell IS (99, 100) or T cells VS (101, 102) that facilitate viral transfer. The actin 

and tubulin cytoskeletons play an active role in the accumulation of HIV-1 viral 

products at the VS (103). Macrophages that phagocytose HIV-1 infected and 

dead/dying CD4+ T cells can become productively infected with various HIV-1 

clones, including transmitted/founder isolates that inefficiently replicate in 

macrophages through free virus entry (unpublished results: Baxter et al.).  

1.3.4.4 Virus containing compartments  

  In a mechanism similar in features to both the DC-T cell IS and T cell-T 

cell VS, macrophages can transfer virions to T cells across a VCC-dependent 

VS (104). In macrophages, virions can bud inside surface-connected virus 

containing compartments (VCC) via an actin-dependent mechanism (105–109). 

The complex tubular VCC are distinct from late endosomes and multi-vesicular 

bodies and have near-neutral pH (reviewed in (110)). Virions that bud inside the 

intracellular VCC can resurface to the cell membrane and cross the VS, 

stabilized by ICAM-1/LFA-1 interactions, to a target cell. This transmission 

mechanism results in highly efficient T cell productive infection (Figure 1. C) 

(108). Virions hidden inside VCC are protected from immune recognition and 

antibody neutralization, thus macrophage VCC can serve as viral reservoirs for 

long term infection. 



 21 

 

1.3.5 Viral fusion: Env conformation changes 

 Binding of gp120 to CD4 and a co-receptor induces a cascade of 

conformational changes in the Env trimer. First, gp120 changes from a closed 

to open conformation (111, 112). The V1/V2 loops at the apex at the center of 

the Env trimer (112), which support co-receptor binding and shield conserved 

elements of gp120 from neutralizing antibodies by modulating length and 

carbohydrate density at N-linked glycosylation sites, rearrange to the outer 

regions (113). V3 loops originally located on the outside edge of the apex of the 

Figure 1.4 T cell VS is stabilized by interactions between ICAM-1 and LFA-1 (A). 
Mature virions are captured by DC-SIGN inside surface-connecting compartments 
and are transferred across IS from DC to target cell (B). Virions bud inside 
macrophage VCC and cross the VS to the target cell (C). Figures from (48).VS 
between HIV-1 infected T cells shows LFA-1/-ICAM-1 binding, actin and MTOC 
polarization (E). Figure from (94).  
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gp120 are now exposed and reposition to the center of the trimer (112). The V3 

loop and the bridging sheet mini-domain mediate the selection and binding of a 

co-receptor, which unlock the potential energy for gp41 mediated fusion (113–

116).  

 In the Env open conformation, the previously hidden gp41 becomes 

exposed. Gp41 forms a “bridge” between virus and target cell by extending the 

carboxy-C-terminal heptad repeat (CHR) and amino-N-terminal heptad repeat 

(NHR) and inserting the fusion peptide into the host cell in the pre-hairpin 

intermediate state. In a “spring-loaded mechanism,” the trimeric helices CHR 

and NHR fold at a hinge region and align anti-parallel to each other to form six-

helix bundles, which pull the two membranes together in the fusogenic state. 

 Finally, the viral and host membranes fuse together, creating fusion pore 

that allows the viral core to enter the cell cytoplasm. Fusion can occur at the cell 

plasma membrane (21) or inside macropinocytic vacuoles (117) and endosomal 

vesicles (118) (48, 88). One model suggests that in acutely infected T cells, 

immature virions can temporarily accumulate inside endosomal compartments. 

Over the next several hours, the virions mature by proteolytic cleavage of Gag 

polyproteins inside target cell endosomes (Figure 1.3C). Once maturation 

completes, the gp120/gp41 glycoproteins accumulate on the viral envelope and 

the virions fuse with the endosomal membrane (119). In contrast, in established 

chronic infection, mature virions can immediately fuse with the cell plasma 

membrane (120) (reviewed in (48)).    

1.3.6 Viral reverse transcription: viral RNA to DNA  

 Inside the cytosol, the viral core CA protein disassociates in a process 

named viral uncoating (17, 121, 122). There are several hypotheses about 

when and where uncoating occurs: at the plasma membrane where uncoating 
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initiates the formation of the  reverse transcription complex (RTC), gradually 

during transport toward the nucleus, or at the nuclear pore induced by a DNA 

flap after completion of reverse transcription (17). Reverse transcription begins 

after the formation of a mature RTC, which contains vRNA, primer transfer 

tRNA Lys3 annealed to vRNA, NC, RT, MA, Vpr, and IN (17, 121, 123). Reverse 

transcription follows these steps (Figure 1.5) (124):  

A. tRNA hybridizes to the primer binding site (pbs) at the 5’ end of the vRNA  

B. (-) strand strong stop ssDNA is synthesized from the 3’ to 5’ direction and 

the complementary ssRNA is degraded by the RNase,  

C. RT “jumps” to the 3’ ssRNA end and completes the (-) strand synthesis  

D. vRNA is degraded except for the polypurine tract (PPT) 

E. 1st (+) strand strong stop ssDNA is synthesized from the PPT 

F. 1st and 2nd DNA strands hybridize at the primer binding site and form a 

temporary circular complex 

G. RT completes both strands to form a linear double stranded DNA (dsRNA) 

with a overlapping (+) strand DNA flap and long terminal repeats (LTR)  

 
Figure 1.5 HIV-1 reverse transcriptions from vRNA to vDNA. Figure from (124). 
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1.3.7 Viral integration: proviral DNA 

 After reverse transcription, the RTC is now integration competent, termed 

the pre-integration complex (PIC), and enters the nucleus (17, 121, 122). There 

are many hypotheses on how active nuclear import occurs: cellular machinery 

mediates entry through the nuclear pore complex (NPC), Vpr induces reversible 

breaks in nuclear membrane and guides the PIC into the nucleus, MA, IN, and 

Vpr are karyophilic (attracted to the nucleus) agents that localize PIC at the 

nucleus, and/or the viral DNA (vDNA) flap facilitates nuclear entry (17, 121, 

125). After nuclear import, unintegrated viral DNA can exist in a linear form and 

integrate into the host genome or remain un-integrated in various circular forms 

in the nucleus (126, 127). Integration occurs when IN joins vDNA (Figure 1.3B) 

into the host genome following these steps (Figure 1.6) (128): 

A. vDNA localizes to the target cell DNA,  

B. two nucleotides are removed from each 3’ ends of vDNA  

C. 3’ ends of vDNA covalently bind to 5’ end of target DNA 

D. two unpaired nucleotides at the 5’ end of vDNA are removed, single strand 

gaps on the target DNA are completed  

E. the 5’ ends of vDNA and target DNA are ligated, vDNA is now proviral DNA 

 

Figure 1.6 HIV-1 vDNA integration into host genome. Figure from (128). 
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1.3.8 Viral transcription and translation: mRNA and proteins 

 Viral transcription occurs when the host cell RNA polymerase II 

transcribes the genome containing proviral DNA; thus, viral production or 

latency is influenced by target cell transcriptional activity. Viral transcription 

begins with the HIV-1 promoter at the LTR (129), which contains a unique 3’ 

end (U3), a repeat (R), and a unique 5’ end (U5) under the control of NF-B 

(130) and nuclear factor of activated T cells (NFAT) (131). The efficiency of 

transcription depends on the viral protein Tat, which stimulates and enhances 

transcriptional elongation by binding to the trans-activating response element 

(TAR) on the LTR (131–134). Tat protein increases the efficiency of 

transcription by amplifying the stochastic viral gene expression in a positive 

feedback loop, which can act as a molecular switch that determines productive 

or latent infection (133, 134). The Tat-transactivation process is dependent on 

the cell positive transcription elongation factor b (P-TEFb), which is a cyclin-

dependent kinase that controls RNA polymerase II (18, 135, 136).   

 Transcription of the cell DNA strand by the RNA polymerase produces 

genomic vRNA and messenger RNA (mRNA) that undergo complex splicing to 

produce un-spliced or incompletely spliced gag, pol, env, vpu, vif, vpr mRNAs, 

and completely spliced tat, rev, and nef mRNAs. Because un-spliced and 

incompletely spliced transcripts are typically degraded, HIV-1 uses Rev protein, 

which interacts with the Rev-responsive element on the RNA to facilitate the 

transport of RNA out of the nucleus. Tat, Rev, and Nef move to the cytoplasm 

by an endogenous cellular pathway independent of Rev protein (137). Outside 

of the nucleus, Gag and Gag-Pro-Pol are translated at the cytosolic polysomes, 

which are clusters of ribosomes not bound to endoplasmic reticulum (ER). 

Because gag and pol genes overlap, HIV-1 uses programmed frame shifting to 
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change reading frame during translation (137, 138). The gag gene is translated 

into polyproteins that are later cleaved by PR during virion maturation. Env, Vpu 

and other proteins are translated at the ribosomes on rough ER. Env undergoes 

glycosylation and oligomerization in the rough ER and is transported to the 

Golgi, where Env is further processed into gp120 and gp41. 

1.3.9 Viral assembly: budding and maturation 

 The Gag protein drives the assembly (packaging of viral products 

necessary for subsequent infection) and viral release at the plasma membrane. 

Newly synthesized Gag proteins move to the plasma membrane using cellular 

trafficking machinery, such as motor protein kinesin KIF4 (139), and assemble 

together to form a multimeric, membrane associated immature lattice. The 

gp120/gp41 complex moves to the plasma membrane through the cell secretory 

pathway (97). At the plasma membrane, most Env proteins are endocytosed 

and degraded within endosomes that mature into lysosomes, but some are 

recycled to the plasma membrane through recycling endosomes (140). These 

Env molecules are incorporated into virions possibly through passive, direct 

regulated, or indirect regulated mechanism through Gag-Env interactions 

(Section 1.3.1) (reviewed in (140)).  

 The remaining viral proteins also traffic to the site and are packaged into 

immature virions that bud out of the cell membrane, taking some of the cell lipid 

bilayer with them. Budding and release of immature virions is mediated by the 

cell endosomal sorting complexes required for transport (ESCRT) machinery 

(141). Viral release is inhibited in human cells by tetherin proteins expressed 

constitutively or induced by interferon IFN-α, which retain fully formed virions on 

the cell membrane. Vpu protein antagonizes this antiviral activity, allowing HIV-

1 release (142). Finally, the PR cleaves the Gag polyprotein, inducing 
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rearrangements of molecules and resulting in Env clustering and formation of 

the conical core by CA proteins (23) (Figure 1.3 C). After cleavage, the particles 

mature into their final infectious forms. In myeloid-lineage immune cells, such as 

macrophages and DC, HIV-1 is assembled and stored in intracellular 

compartments that are frequently connected to the cell surface membrane via 

narrow conduits (105–109). These virions are protected from the hostile intra- 

and extra-cellular milieu inside viral reservoirs and can later be transferred to 

other permissive cells (110).    

1.3.10 Viral consequences: cell death 

 The viral replication cycle often kills the host cell. Cells can be killed 

directly by the viral replication cycle that interferes with the cellular machinery 

and budding virions that rupture the cellular membrane (143). Other cytopathic 

effects have been observed in T cells including syncytium formation that leads 

to giant multinucleated cells and balloon degeneration that induces the cells to 

swell up past the cell membrane volume limit and consequently lyse (144). 

CD4+ T cells can be depleted by abortive infection, which occurs when the viral 

reverse transcription or integration steps trigger pro-apoptotic events (145).  

Viral proteins can activate cellular death pathways such as autophagy (146) or 

programmed caspase-3-mediated apoptosis and caspase-1-mediated 

pyroptosis (147–149) that trigger cellular suicide. Cells decorated with viral 

proteins, including uninfected bystander cells, can be targeted and killed by 

cytotoxic T cells, natural killer (NK), and NKT cells through direct or antibody-

dependent cellular cytotoxicity mechanism (150).  
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1.4 HIV-1 pathogenesis 

1.4.1 Innate immune response and inflammation 

  HIV-1 transmission occurs primarily through sexual intercourse and, in 

some cases, contaminated needle sharing, blood transfusion, and mother-to-

child vertical transmission. In sexual transmission, virions in semen or vaginal 

secretions breach the epithelial cell layer in the genitals through skin lesions or 

transcytosis of infected cells (151, 152). Male circumcision removes the 

foreskin, reduces the epithelial cell surface area and HIV-1-susceptible cells, 

changes microflora and tissue structure of the penis, and provides a protective 

advantage against HIV-1 transmission (153).   

 After HIV-1 enters the body, Langerhans cells (non-migratory DC) and 

DC near the lamina propia of mucosal tissues quickly become infected through 

direct infection or adsorb on the surface by C-type lectins and other attachment 

molecules. The immune system produces acute-phase cytokines and 

chemokines triggered by early pro-inflammatory cytokines (tumor necrosis 

factor  TNFα, interleukin IL-1β, IL-12 (154)). Type-1 IFN (IFN-1) has been found 

to decrease viral effects and slow disease progression in SIV infected rhesus 

macaques but continued IFN-1 expression in chronic infection results in 

desensitization and decreased antiviral gene expression (155). During the first 

5-10 days after transmission when HIV-1 is not detectable in the plasma, 

termed the “eclipse phase” (156, 157), the virus could potentially be eliminated. 

However, once the viruses disseminate and establishes latent reservoirs, then it 

is almost impossible to eradicate the virus completely (158). 

 Langerhans cells and DCs are proposed to take up virus after 

transmission across the sexual mucosa and migrate to the draining lymph 

nodes (159, 160) (Figure 1.7). HIV-1 infection reaches the lamina propia of 
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GALT tissues and peripheral lymphoid tissues (PLT) within a few weeks. T cells 

home to secondary lymphoid tissues where they encounter virus-bearing DCs 

that may propagate the infection. HIV-1 infected immature DCs are induced by 

viral infection and exposure to cytokines in the extracellular milieu to 

differentiate into mature DCs. As APCs, mature DCs present HIV-1 antigens to 

Figure 1.7 Summary of early events in vaginal transmission of HIV-1 based 
on studies of SIV in nonhuman primates. Figure from (175). 
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T cells in the lymphoid tissues (Figure 1.7) (161–164). Through direct or trans-

infection, DCs transfer viral particles to T cells leading to productive infection. 

During DC migration and settlement in lymphoid tissues, HIV-1 is protected 

from degradation by residing inside the DC intracellular compartments.  

 CD4+ T cells travel through the follicular DC (FDC) network during their 

migration through the lymphatic system. Infected T cells can spread virions to 

FDCs, which take up infectious virus and infect T cells in trans. Throughout HIV-

1 disease progression, active HIV-1 infection largely surrounds FDCs 

suggesting that these sites are major HIV-1 reservoirs (161–166). FDCs inside 

germinal centers endocytose virions inside endosomal compartments through 

receptor-dependent mechanism and trap the virions inside interdendritic 

spaces; these virions may later escape into the cell cytoplasm (164). FDCs 

secrete signals that increase HIV-1 infection and replication in T cells and 

macrophages (162, 167). In this way, FDCs mask HIV-1 in hidden reservoirs 

and play a major role in facilitating infection of CD4+ T cells. Because these 

environments are rich with activated CD4+ T cells and pro-inflammatory 

cytokines, the virus proliferate quickly in GALT and PLT (42, 168). Virus 

reservoirs in FDCs and virus replication in GALT leads to long term persistence 

of HIV-1 despite antiretroviral therapy (154, 169, 170).   

 Early after infection, HIV-1 cross the blood brain barrier (BBB) and enter 

the brain through transcytosis of virions across endothelial cells, virus-bearing 

monocytes or infected T cells and macrophages, or physical BBB breach (80, 

171). Virions also enter the brain much later in infection when the immune 

system has weakened (172). HIV-1 in the brain hides in long-lived resident 

macrophages, microglia, and astrocytes and evolves separately from isolates in 

peripheral tissues (173). Although viruses are highly compartmentalized in brain 
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and peripheral tissues, the meningeal tissues, which envelope the central 

nervous system (CNS) and separate the brain from peripheral tissues, harbor 

HIV-1 isolates identified in both tissues. This evidence suggests that HIV-1 can 

migrate out of the brain across the meninges into peripheral tissues. Because 

the brain is an immune privileged area that can protect HIV-1 from immune 

system responses and antiretroviral therapy, the brain can become a major long 

term reservoir (174).       

  Viremia level peaks within 3-6 weeks after exposure. Activated CD4+ T 

cells become infected with HIV-1 and disseminate the virus throughout the 

organism via the lymphatic system within days to weeks post infection (175) 

(Error! Reference source not found.). Resting CD4+ T cells can become 

atently infected with HIV-1 and serve as cellular reservoirs. In particular, central 

and transitional memory CD4+ T cells are major cellular reservoirs driven by 

cellular survival and antigen-mediated proliferation (176–178). DC and CD4+ T 

cell counts significantly decrease during this acute infection stage (179). CD4+ 

macrophages may attempt to trap and eliminate HIV virions and infected cells, 

but in the process become infected and generate productive reservoirs that 

protect virions from the hostile extracellular milieu (110, 180). CD34+ 

multipotent hematopoietic progenitor cells can become latently infected with 

HIV-1, contributing to stable viral reservoirs (181). Differentiation of CD34+ 

progenitor cells can lead to activation of viral production and proliferation of 

infected cells. Viral production induces NK cells to become activated, expand, 

and attack HIV-1 infected cells (156, 182, 183). 

1.4.2 Adaptive immune response and evasion   

 A few weeks later, the adaptive immune system enters the fight to control 

viral replication. CD8+ cytotoxic T cells and NKT cells expand and attack HIV-1 
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infected cells through cytolysis of infected cells and production of antiviral 

cytokines and chemokines (156). CD8+ T cell expansion generally peaks 1-2 

weeks after viremia level peaks; this event results in reduced viremia (184–

186).  Up to this point, the initial transmitted-founder virus sequence (51) has 

been relatively homogenous but the viral genome begins to evolve dramatically 

after the peak of the CD8+ T cell response as an immune evasion strategy 

(187, 188). Studies reported that mutations could be detected within 10 days 

(156). After two months, the transmitted-founder virus genome can mutate at 2-

5 locations and by 12-20 months, the virus can mutate at 17-34 locations (188). 

Mutations can continue to occur at a rate of 2% per year (187). In many cases, 

mutations could cause co-receptor switching from CCR5 to CXCR4 mediated 

by variations in the V3 loop (52, 58). Escape mutations can be selected by 

CD8+ T cells, neutralizing antibodies (Nabs), or NK responses and trigger 

changes in viral proteins in different epitopes to evade immune recognition 

(156). In this way, immune responses that target specific HIV-1 isolates quickly 

become obsolete with the emergence of new escape mutants.  

 CD4+ T cells expand to support the adaptive immune response but 

become preferential targets of the virus. CD4+ T cells rapidly decline in 

numbers due to the cytopathic effects associated with infection, lysis by CD8+ T 

cell, NKT cells, and NK, and activation-induced cell death (189). The decline of 

CD4+ and CD8+ T cells due to pyroptosis (147) and apoptosis correlates with 

immune activation and disease progression (190–192). CD4+ T cell death 

results in secretion of inflammatory cytokines and release of cytoplasmic 

content into the extracellular milieu (193). In the SIV infected macaque model, 

30-60% of memory CD4+ T cells are infected by the peak of infection and most 

are killed within 4 days (194).   
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 In the seroconversion phase, 3-4 weeks after initial infection, B cells 

mature into plasma cells and produce antibodies specific to all viral proteins, 

although the only antibodies with antiviral functions are against Env. Affinity 

maturation of Env-specific antibodies may result in Nab production, which can  

inhibit HIV-1 infection in a strain-specific manner, and in rare cases broadly 

neutralizing antibody (bNabs) production, which can neutralize multiple strains 

of HIV-1 by both cell free (195) and cell-cell transmission (196) routes. For 

example, the VCR01/VCR02 bNabs neutralize ~90% of HIV-1 isolates (197) 

and 10E8 bNab neutralizes ~98% of tested viruses  (198). The timetable for 

detection of antibody production is summarized in (Figure 1.8) (156). 

 

 Many B cells, especially those in HIV-1 rich environments such as 

Peyer’s patches, lymph node follicles and germinal centers, are quickly killed 

early during the course of infection (156, 199). In SIV infected macaques, 

activated memory B cells are rapidly depleted by the programmed death 1 

pathway within 2 weeks of exposure (200) . This early loss of B cells may 

contribute to the delay in producing HIV-1 specific antibodies (200). Eventually 

CD4+ T cells level decrease dangerously low and the immune system becomes 

weakened enough that the viremia level peaks again. At this stage, 

opportunistic infections and HIV-1 related cancers can attack the host and 

eventually kill the HIV-1 infected individual.  

Figure 1.8 Timetable of antibody responses detected in acute HIV-1 infection. 
Figure from (156). 
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1.4.3 Clinical progression of HIV-1 disease 

 Untreated HIV-1 infection generally occurs in three phases: primary 

acute infection, chronic clinical latency, and AIDS (Figure 1.9). During primary 

infection, the majority (70-80%) of HIV-1 infected patients experience a surge of 

viremia and as a result of this massive viral replication the CD4+ T cell counts 

fall rapidly (201, 202). Patients can experience varying severity of 

mononucleosis-like or influenza-like symptoms, termed acute retroviral 

syndrome. Over time, the immune system and other factors reduce the level of 

virus by a factor of 10-100 on average (175) to a stable viral set point, and 

CD4+ T cell counts increase slightly but generally do not return to pre-infection 

levels (500-1600 cells/ mm3 (203, 204)). Patients experience no or mild 

symptoms in the clinical latency stage (202, 205) but CD4 levels continue to 

progressively decrease; this stage can last for many years.  

 The vast majority of untreated HIV-1 infected patients eventually 

progress to the final stage of HIV-1 infection, AIDS, which is defined by low 

(<200 cells/mm3 of blood (203, 204)) CD4+ cell count or the occurrence of 

opportunistic diseases and HIV-1 related cancers (202–204, 206). The viremia 

levels increase rapidly. Without treatments, AIDS patients typically live for 3 

years and those with opportunistic infections survive for 1 year (204). For this 

reason, patients are advised to begin HIV-1 treatment before CD4 counts fall 

below 350 cells/mm3 to delay the onset of AIDS (203). A rare number of HIV-1 

infected individuals can control HIV-1 infection without treatment, known as 

“elite controllers or “long term non-progressors (156, 207, 208).” These patients 

often have low viral load and intact lymph nodes and immune system.  
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1.5 Antiretroviral drugs 

 Since 1983, many drugs have been developed to combat HIV-1 infection 

and if given early in the course of disease progression, these drugs can 

significantly prolong the lives of HIV infected patients. Several drugs are given 

to HIV-1 infected patient to suppress HIV-1 replication, maintain the immune 

system, and delay the onset of AIDS; this is known as highly active antiretroviral 

therapy (HAART). The drugs are typically given in combination to counteract the 

HIV-1 dynamic mutations that can result in drug-resistant variants after only two 

weeks (209). The drugs target four steps in the HIV-1 replication cycle: entry, 

reverse transcription, integration, and protease activity (Figure 1.3 B). Entry or 

fusion inhibitors include maraviroc, which binds to the CCR5 co-receptor (210), 

and enfuvirtide (ENF) which interacts with gp41 to prevent viral attachment and 

fusion into the host cell (211). Nucleoside/nucleotide reverse transcriptase 

inhibitors (NRTIs), such as emtricitabine (FTC), lamivudine (3TC), zidovudine 

Figure 1.9 Graph of the clinical progression of HIV over time shows changes 
in CD4+ T cells count and levels of viremia during primary infection, clinical 
latency, and AIDS. Figure adapted from (206) and www.niaid.nih.gov. 
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(AZT), stavudine (d4T), abacavir (ABC), and tenofovir (TDF) act as chain 

terminators by preventing additional nucleotides to be added to the DNA strain 

during the conversion of RNA to DNA (212). Non-nucleoside reverse 

transcriptase inhibitors (NNRTIs), such as etravirine (ETR), nevirapine (NVP) 

and efavirenz (EFV), bind to the RT enzyme’s allosteric “pocket” site to cause a 

conformational change in the enzyme and interfere with its function (213, 214). 

Integrase inhibitors, such as raltegravir (RAL) (215), inhibit the integration of 

viral DNA into host cell DNA by interfering with the IN enzyme. Protease 

inhibitors, such as saquinavir (SQV), darunavir (DRV) (216) and atazanavir 

(ATV), prevent the PR enzyme from cleaving the polyproteins and block the 

maturation of budding virions (217). 

1.6 Vaccine 

 Currently, there are many challenges to the development of a 

prophylactic HIV-1 vaccine (218, 219). The main challenge lies in the extensive 

variability in HIV-1 sequences caused by the error-prone RT enzyme and the 

ability of the virus to evade recognition by the cell immune system (220). 

Vaccine approaches introduce immunogens, which are antigens designed to 

stimulate cell-mediated immune responses (e.g. cytotoxic T lymphocytes (CTL)) 

(221) and production of Nabs (222)), to naïve macaques (the most used animal 

model) or human vaccinees. In the few clinical efficacy trials that have been 

undertaken, vaccines have been given to individuals at high-risk of infection. 

Immunogens that have been tested include live attenuated viruses, whole 

inactivated viruses, proteins, live vectors expressing HIV-1 genes, and plasmid 

DNA (156, 218, 219, 222). Major clinical trials include the AIDSVAX vaccine, 

which introduced gp120 proteins to induce antibody production (223) and the 

STEP vaccine, which introduced recombinant replication-deficient adenovirus 
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expressing HIV-1 Gag, Pol, and Nef to induce CD8+ CTL response (224, 225). 

All previous HIV-1 vaccine trials have experienced no success with the 

exception of the Phase III RV144 Trial in Thailand published in 2009, which 

showed 31% efficacy in preventing HIV-1 infection (222, 226–229). This trial 

combined two approaches to boost the immune system: a canary pox viral 

vector expressing gp120 and Gag, followed by the AIDSVAX gp120 vaccine.

 Approximately 20% of HIV-1 patients generate bNabs that can neutralize 

multiple strains of HIV-1 (195, 196, 230). Most bNabs can be categorized based 

on the conserved epitopes on the Env spike that they recognize, such as the 

CD4-binding site, V1/V2 glycopeptide epitopes, glycan V3 epitope, and the 

membrane proximal external region (MPER) (reviewed in (195)) (Figure 1.10). 

Production of bNabs that target the evolutionary conserved epitopes of HIV-1 

proteins (231) can overcome the diversity of HIV-1.  

 However, HIV-1 uses many strategies to evade Nabs (reviewed in (232). 

Env is covered with carbohydrates, which mask most conserved regions of the 

spike and sterically impede antibody access to the CD4 binding site on gp120 

(Figure 1.2). This shield may contribute to the low efficacy of Env-based HIV-1 

vaccines (233, 234). The variable loops on gp120 are highly flexible, 

glycosylated, and able to elongate and shorten, thereby effectively shielding 

conserved epitopes on Env spike (113). HIV-1 also changes the conformation of 

receptor binding sites upon antibody recognition, enabling HIV-1 to bind to 

receptors and simultaneously evade neutralization using “conformational 

masking” (235).  The spatial arrangement and low density of Env spikes on HIV-

1 can limit the avidity of antibody binding (232). Steric constraints restrict 

antibody access to narrow pockets of conserved co-receptor binding sites on 

gp120 (236). HIV-1 uses cell-cell transmission to transfer virions across 
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interdigitated or tightly apposed synaptic structures; these structures can 

become steric barriers that prevent Nabs from accessing the occluded cell-cell 

junction (48, 237). The effectiveness of Nabs can also be limited by kinetic and 

timing constraints (48). For example, Nabs may access newly formed VS but 

not previously formed VS. Monoclonal antibodies targeted against CD4-binding 

site are potent against free transmission but lose potency during cell-cell 

transfer (237), and mAbs to the MPER lose potency against HIV-1 spreading 

directly from macrophages to T cells (238). The time between viral budding and 

CD4 attachment is short, which restricts efficient coverage of CD4-binding sites 

by Nabs. The kinetic rates of antibodies binding can also contribute to 

neutralization activity (239).   

 

1.7 HIV infection in the brain 

 HIV-1 infection can result in HIV-1-associated neurological complications 

in 40% and HIV-associated dementia (HAD) in 20-30% of HIV-1 infected 

patients (80, 240–242), leading to impaired cognitive and motor functions (243).  

Figure 1.10 BNabs (listed) can bind to the conserved epitopes on the Env 
spike that recognize the CD4-binding site, V1/V2 glycopeptide epitopes, glycan 
V3 epitope, and the MPER. Figure from (511).  
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HIV-1 crosses the selectively permeable blood brain barrier (BBB) into the brain 

early after peripheral infection, summarized in Figure 1.11. 

 In the CNS, there are five main types of brain cell: astrocytes, 

oligodendrocytes, neurons, perivascular microglia, and macrophages. 

Perivascular macrophages and microglia are most commonly infected by HIV-1 

(80, 244–252). Although both macrophages and microglia share similar 

morphology and phagocytic function, they have different origins. Microglia are 

derived from mesodermal erythromyeloid progenitors (253) and migrate from 

Figure 1.11 Virus can cross the blood brain barrier and enter the brain (gray) 
as free virus through brain lesions or as passengers on infected or virus-
bearing T cells and macrophages traveling along blood vessels (pink) or as 
packages that are transcytosed by endothelial cells. Inside the brain 
parenchyma, perivascular macrophages and microglia become productively 
infected and replicate virions while astrocytes take up virus. 
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the yolk sac to the neuroepithelium during embryonic and fetal development 

(254, 255). Microglia function autonomously and self-renew locally. In contrast, 

perivascular macrophages are derived from hematopoietic stem cells located in 

the bone marrow. Macrophages are replenished frequently by circulating 

monocytes in the blood stream, which enable HIV-1 entry (80). The presence of 

HIV-1 in the brain can trigger inflammatory responses and induce the 

production of chemo-attractant proteins that recruit virus-bearing monocytes or 

infected T cells and macrophages to the injury site, which can increase the viral 

load in the CNS (256–258). In contrast to macrophages and microglia, 

astrocytes, oligodendrocytes, and neurons do not appear to be productively 

infected with HIV-1, in keeping with their lack of viral receptors (see section on 

tropism), and yet virions have been detected in astrocytes, suggesting that 

astrocytes may harbor virus as cellular reservoirs (80, 259). 

1.7.1 Astrocytes  

 Astrocytes make up most of the brain mass (40-60%) and provide 

structural support in the CNS by existing as a network of  cells (260–262). 

Astrocytes enable intercellular communication, synaptic transmission, 

neurovascular coupling, deliver nutrients, and guide neuronal growth and 

differentiation (263, 264). Their intricate processes contact thousands of 

synapses while their endfeet contact capillaries and arterioles (263). Astrocytic 

endfeet structures form glia limitans around the BBB, which modulate passage 

of materials to maintain homeostasis in the brain. Astrocytes become activated 

in a process known as reactive astrogliosis in response to CNS injuries, such as 

stroke, trauma, tumor growth, or neurodegenerative diseases. When activated, 

astrocytes express glial fibrillary acidic protein (GFAP), undergo hypertrophy, 
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proliferate, and migrate toward the site of injury to form glial scars to wall-off 

lesions but also physically prevent neuronal reconnections (265–268).  

1.7.2 Evidence of HIV-1 in astrocytes in vivo 

 Electron microscopy images of post-mortem brain sections from AIDS 

patients with HIV-associated encephalopathy revealed virions inside the 

astrocytes (269). Integrated HIV-1 proviral DNA, viral RNA, mRNA (nef, gag, 

pol, env, tat, and rev) and viral proteins (Rev, Nef) have been detected in 

astrocytes from post-mortem human brain and spinal cord tissues of HIV-1 

infected patients. Astrocytes were identified and isolated using 

immunohistochemistry, immunocytochemistry, laser capture micro-dissection 

and viral products were analyzed by polymerase chain reaction (PCR), triple-

nested Alu-PCR, in situ hybridization DNA PCR, in situ hybridization RT PCR, 

(246, 248, 270–277). These studies are summarized in (243, 259). Cumulative 

data showed that astrocytes primarily express early viral markers, such as viral 

DNA and nef mRNA, and occasionally late markers, such as gag and env 

mRNA. In contrast, macrophages and microglia expressed viral components in 

all stages of the HIV-1 replication cycle, suggesting that microglia/macrophages 

are the predominant targets for viral production (Figure 1.12) (259). 

 

Figure 1.12 Frequency of viral components detected in microglia/macrophage 
and astrocytes in the brain tissues of HIV-1 infected patients. Figure from (259). 
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 About 2.6% of astrocytes and 7.5% of microglia/macrophages in infected 

brain tissue contain HIV-1 products (246, 277). However, the number of 

astrocytes (40-60% brain mass) is approximately 2-3 times that of 

microglia/macrophages (12-20% brain mass) (260–262), thus, the total number 

of HIV-1+ astrocytes may be equivalent to, or more than, that of 

microglia/macrophages. In fact, the number of HIV-1+ astrocytes may be under-

represented because GFAP, which is only expressed in activated astrocytes, 

was used as an astrocyte-specific cell marker. Therefore, astrocytes positive for 

HIV-1 but negative for GFAP may have been missed (259). Interestingly, it has 

been noted that HIV-1 infected astrocytes are commonly found near 

perivascular mononuclear cells in the brain (275), which suggests that viral 

transfer might occur between the two cells.  

1.7.3 Evidence of HIV-1 in astrocytes in vitro 

 In vitro, astrocytes have been exposed to M-tropic viruses, such as 

SF128A, SF162, JR-FL, and Ada-M, and to a lesser extent T-tropic viruses, 

particularly SF2, NL4-3, SG3.1, JR-CSF, and IIIB (259, 278, 279). The 

presence of HIV-1 in astrocytes in vitro has been detected primarily using 

astrocyte tumor-derived cell lines, including TH4-7-5 (280), U373 malignant 

glioma (MG) (281–283), U87 (29, 83, 284, 285), 489 MG (283), 138 MG (283, 

286), U138 (29), U343 (287), U251 (287), H4 (288), SH-EP (289), SF609 (287), 

SF611 (287), SF612 (287), primary human fetal astrocytes (HFA) (287), or 

human embryo brain cells (290). In these studies, astrocytes were exposed to 

purified HIV-1, supernatant from HIV-1 infected peripheral blood mononuclear 

cells (PBMC) (287), HIV-1 infected PBMC (283), T cells (278, 288), or 

macrophages (83). Detection of viral presence was performed using TEM, 

immunofluorescence against p15 and p24 antigens, anti-HIV antiserum, 



 43 

immunocytochemistry, flow cytometry, Northern blot, in situ hybridization, 

chloramphenicol acetyltransferase assay, immunoperoxidase staining, 

immunoblot analysis, proviral DNA and RT activity by PCR, and p24 and nef 

ELISA (279–281, 283, 284, 286, 291). Astrocytes exposed to virus produced a 

low-level and transient viral release detected by persistent expressions of vif, 

tat, rev, and nef gene activity, low levels of p24, and HIV-1 structural proteins 

expressions on 1-5% of cells (259, 282, 283). There were no cytopathic effects 

observed in astrocytes even after months of exposure although the growth rate 

decreased slightly (278, 283, 291). Astrocytes exposed to HIV-1 did not form 

multinucleated giant cells as seen in macrophages and T cells (292–296). 

 Astrocytes exposed to HIV-1 were co-cultured with uninfected PBMC 

(283, 287), lymphocyte and monocyte cell lines, such as C8166 (29, 280, 297), 

SUP-T1 (282), U937 (283). Detection of viral antigens was performed by 

proviral DNA and RT activity PCR, p24 levels ELISA, immunofluorescence, and 

syncytia formation. T lymphocytes, monocytes, and PBMC co-cultured with HIV-

1-exposed astrocytes expressed viral products, suggesting that viral transfer 

occurred (29, 282, 283, 286, 287). In some cases, the presence of virus was not 

detected in astrocytes but recovered only in co-cultured target cells (29).  

 HIV-1 entry into astrocytes appeared to be CD4-independent because 

astrocytes intrinsically express undetectable levels of CD4 and the major HIV-1 

co-receptors, CXCR4 and CCR5 (83, 284, 285, 287, 288, 298–302). Blocking 

CD4 did not prevent HIV-1 entry into astrocytes (284, 298, 299, 303). Many 

reports suggest that HIV-1 entry into astrocytes occurs through an alternative 

pathway mediated by the mannose receptor (284), an unknown 65 kDA cell 

surface molecule which is neither CD4 or galactocerebroside (304), CD81-

coated vesicles (305), co-receptor CC chemokine receptor D6 (306), CCR5 and 
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DC-SIGN (307), or an unspecified endocytic pathway (304, 307, 308). Because 

of limited viral activity, antigen presence, and virion production from astrocytes, 

HIV-1 activity in astrocytes is termed “restricted” or “latent.” Studies in which the 

viral genome has been transfected into astrocytes or pseudo-typed envelope 

virus have been added to astrocytes (309, 310) to overcome the entry block 

resulted in productive infection. Some reports suggest that viral production can 

be restricted at multiple stages of the HIV-1 replication: viral entry, reverse 

transcription, HIV-1 RNA transport from nucleus to cytoplasm, translation of 

RNA, and virion maturation (311).  

1.7.4 Restricted HIV-1 expression in transfected astrocytes   

 To evaluate the effects of HIV-1 in astrocytes, HFA and astrocytoma-

derived cell lines have been transfected with HIV-1 infectious molecular clones 

(IMC) (279, 291, 296). In transfected astrocytes, HIV-1 antigens and RNA were 

detected by immunofluorescence, in situ hybridization, and p24 ELISA. HIV-1-

transfected astrocytes showed no cytopathic effects, such as lysis or syncytial 

fusion, but showed some morphological changes, including swelling and 

detachment (291). In one study (296) the p24 antigen levels produced by 

transfected astrocytes were monitored over a month. P24 levels increased 

rapidly, peaked within the first 2-3 days and progressively decreased, resulting 

in latent infection when neither viral antigens nor virions could be reliably 

detected after 1 week. However, the infection could be reactivated with the 

introduction of pro-inflammatory cytokines TNF-α or IL-1β, or by co-culture with 

CD4+ T cells either by direct contact or across a Transwell membrane (296, 

312). Reactivated astrocytes produced p24 antigens at a lower level than the 

initial post-transfection level and eventually the production progressively 

decreased back to the level of latent infection.  
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 In summary, HIV-1 infection after transfection of human astrocytes with 

an infectious viral clone has been described in three stages (Figure 1.13). 1. 

The initial stage resulted in rapid pro-viral production and progressively 

decreased to a latent infection. 2. The addition of cytokines and CD4+ 

lymphocytes can reactivate viral production. 3. The new viral production again 

progressively decreased back to the latent infection. Thus, transfected 

astrocytes serve as a persistent reservoir of HIV-1 in vitro, but this is obviously 

not a reflection of events taking place in vivo. 

 

1.7.5 Effects of HIV-1 presence on astrocytes 

 HIV-1 bearing astrocytes disrupt the structural integrity of the BBB by 

inducing apoptosis of the endothelial cells that line the BBB and by changing 

the morphology of the endfeet (303), which increases permeability allowing 

pathogens normally excluded from the brain parenchyma to enter the CNS. 

HIV-1 containing astrocytes transfer toxic signals, amplified by gap junctions, to 

uninfected astrocytes, causing apoptosis of surrounding healthy cells, while 

Figure 1.13 HFA was transfected with pNL4.3 DNA. HIV-1 p24 was measured 
by ELISA for 7 weeks post-infection. Open arrows indicate DNA binding activity 
of NF-κB and the closed arrow indicates the introduction of cytokines TNF-α 
and IL-1β. Figure from (312). 
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remaining resistant to apoptosis themselves (313). In this way, astrocytes can 

propagate damage throughout the CNS. 

 HIV-1 proteins can trigger astrocytes to produce neurotoxic chemicals 

directly or indirectly via interactions with HIV-1-infected lymphocytes and 

monocytes. The addition of M-tropic HIV-1 JRFL or T-tropic HIV-1 IIIB induced 

astrocytes and microglia to increase the expression level of inflammatory 

cytokines IL-1 and TNF-α (314). Inflammatory cytokines, such as IL-1β and  

IFN-γ, viral proteins including gp120, Tat, and gp41, can induce astrocytes to 

generate nitric oxide (315–317). Nitric oxide is the primary inducer of neuronal 

damage (240) and can trigger astrocytes to express GFAP, which is expressed 

during astrogliosis (317). Neuronal death and astrogliosis are the hallmarks of 

HIV-1 neuropathology (316).  

 Activation of astrocytes or exposure to cytokines, including TNF-α and IL-

1β, induces astrocytes to up-regulate CXCR4 expression, which might, in 

principle, enhance entry of CD4-independent strains of X4 HIV-1 (300, 318). 

Cytokines, such as TNF-α, IL-1β, and IFN-γ, were shown to induce astrocytes 

to generate monocyte and lymphocyte chemotactic proteins including IL-8 

(neutrophil), chemokine (C-C motif) ligand /monocyte chemotactic protein 

(CCL2/MCP-1) and CCL5/regulated on activation normal T cell expressed and 

secreted (CCL5/RANTES), which recruit additional leukocytes into the brain 

(257, 319), resulting in enhanced inflammation and viral load. Similarly, 

astrocytes exposed to HIV-1-infected T cells secrete TNFα, IL-1α, IL-6, and 

matrix metallopeptidases MMP-3 (activates MMP-9) and MMP-9 (assists IL-8 

mobilization of leukocytes) (320). Astrocytes exposed to HIV-1-infected 

macrophages with elevated virus-induced TNF-α produce CCL2/MCP-1 (318, 
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319). The presence of TNFα, IL-1β, and CD4+ lymphocytes can cause 

reactivation of HIV-1 production in transfected astrocytes (312).  

 Taken together, the indirect and direct effects of HIV-1 and viral products 

disrupt astrocytic functions by inducing astrocytes to up-regulate chemotactic 

cytokines, induce apoptosis of neighbouring astrocytes, and disrupt BBB 

functions. These activities facilitate the entry of pathogens and virus-bearing 

leukocytes into the brain parenchyma. Astrocytes also produce inflammatory 

cytokines and neurotoxins that perpetuate prolonged inflammation and cellular 

activation in the brain. These factors contribute to neuronal death and lead to 

HIV-1 pathogenesis in the brain. Because astrocytes are the most abundant 

cells in the brain, efforts to inhibit HIV-1 effects on astrocytes may help to 

minimize the pathological sequelae associated with HIV-1 infection, including 

dementia and cognitive disturbances.  

1.8  Evidence for and against astrocyte infection  

 Although there is evidence in the literature that supports the idea that 

HIV-1 can be found in astrocytes, some reports question whether astrocytes 

can be infected with HIV-1 (321). Astrocytes may take up cell free viral particles 

from the extracellular milieu or HIV-1 infected macrophages and T cells, but 

cell-cell transfer is likely to be a more efficient mechanism because large 

numbers of virions can be targeted to the contact junction. The ability of 

astrocytes to take up viruses, transfer virions to another cell, activate 

inflammatory responses, and recruit immune cells to the site of insult may play 

a central role in HIV-1 associated neuropathology.  

 Astrocytes have been reported to have phagocytosis capabilities similar 

to microglia and macrophages (322, 323). Astrocytes express receptors 

involved in phagocytic pathways including pattern recognition receptors, such 
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as Toll-like receptors, scavenger receptors, mannose receptors and 

components involved in the complement pathway (e.g. opsonin receptors) 

(reviewed in (324)). Receptor activation in astrocytes can trigger phagocytosis 

and production of regulatory cytokines that amplify or repress the immune 

system. Astrocytes have been observed to actively collect and engulf whole 

apoptotic or dead cells without adverse effects, and are thought to do so to 

protect neighboring neurons. Engulfed materials are stored rather than 

degraded through lysosomal pathways (325), suggesting that virions and      

virus-associated cell debris might be archived for future release. Astrocytes also 

have a constitutive endocytotic pathway that can internalize extracellular 

molecules, provide stable, long term viral reservoirs (284, 326) and protect 

virions from the immune system and entry inhibitors (88).  

 Astrocytes can take up viruses using non-specific mechanisms by simply 

trapping virions on their extensive and intricate “bush-like” processes. 

Astrocytes are highly susceptible to viral exposure because they modulate the 

permeability of blood vessels, a site where incoming virions and infected cells 

cross the BBB to enter the brain parenchyma. Astrocytes are also motile and 

undergo rapid proliferation and hypertrophy, especially in response to 

neuropathology. In the journey to the site of insult, astrocytes can quickly 

become exposed to virions and virus-containing cells. These infectious products 

may be trapped in the astrocytic network of processes and be transferred to 

bystander cells.  

 Taken together, these findings may explain how early stage viral mRNA, 

viral DNA, and viral proteins can be detected in astrocytes despite the fact that 

astrocytes contain undetectable levels of viral entry receptors. Additionally, 

astrocytes show few cytotoxic effects associated with HIV-1 exposure and have 
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no or low viral productivity. The high viremia levels that decrease rapidly over 

time in HIV-1- astrocyte cultures might be attributed to lingering virions 

adsorbed on the cell surface that degrade over time. Astrocytes exposed to 

HIV-1 may transfer virions to lymphocytes or monocytes in a similar trans-

infection mechanism as shown in DC to T cell without becoming infected 

themselves. In this way, naïve leukocytes that have been co-cultured with HIV-1 

exposed astrocytes can become infected themselves.    

1.9 Hypothesis 

 I hypothesized, based on all the evidence presented above, that 

astrocytes do not actually become infected with HIV-1 but simply take up virions 

and/or infected cell debris and therefore appear to be infected. The virus remain 

outside of the cell instead of inside the cell as whole virus or viral components 

(Figure 1.14). I propose that astrocytes bearing virions or virus-containing 

debris can transfer infectious viral particles to another HIV-1 permissible target 

cell leading to productive infection. 

 This hypothesis raises many questions about HIV-1 permissivity in 

astrocytes. Do astrocytes become infected with HIV-1? Or do astrocytes simply 

take up viruses and virus-bearing cellular debris? If yes, where do the viruses 

go after they are taken up by astrocytes; in intracellular vesicles or surface-

connected compartments or surface-bound? Can HIV-1 infected macrophages 

and T cells transfer virions to astrocytes? If so, what is the structure of the VS? 

Do astrocytes transfer virions or virus-bearing debris to neighboring cells? To 

answer these fundamental questions, I apply biological and virological 

techniques in combination with advanced microscopy strategies. 
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1.10  Microscopy 

 Powerful imaging instruments are currently available and they provide a 

glimpse into the structures, organization, and functions of biological systems. 

Microscopes were developed to visualize small objects that are invisible to the 

naked eye. Each type of microscope is limited by the resolution, which is 

defined as the shortest distance between two points that can be distinguished 

as separate entities. The resolution is inversely proportional to the wavelength 

of light observed, thus, shorter wavelength results in higher resolution images. 

Combining multiple types of microscopy enables visualization of small features 

in exquisite detail and their relationships to other features in the larger context 

of whole organisms. The scale of biological specimens are summarized in 

(Figure 1.15).     

 

Figure 1.14 Virus can exist inside the cell as whole virus or viral 
components (capsid, vRNA, vDNA, viral mRNA and proteins) or outside the 
cell in endosome, surface connected compartment or surface-bound. 

Figure 1.15 The scale of biological specimens. Figure from www.zeiss.com. 
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1.10.1 Optical microscopy 

 The first type of microscope was optical microscope developed in the 

1500’s, which uses light to view objects through magnifying lenses. The 

invention of fluorescence probes enabled organic or inorganic substances to be 

tagged and imaged through optical microscopes. This technique is named 

fluorescence microscopy and is now commonly used in biology to identify the 

proteins of interest. Main types of optical microscopy include widefield 

microscopy and confocal microscopy, which can achieve resolutions of ~230 

nm and ~180 nm, respectively. The resolution is limited by the diffraction of 

light, which has a wavelength of ~400-700 nm (327, 328). Super-resolution 

microscopy overcomes this limit by changing the excitation light temporally or 

spatially. For example, structured illumination microscopy (SIM) uses 

superimposed striped illumination patterns to create moiré fringes that results 

increased resolution by a factor of 2 to ~100 nm (Figure 1.16) (328–330). 

Stimulated emission depletion (STED) microscopy uses a donut-shaped 

depletion laser beam to inhibit the peripheral fluorescence in the outer regions 

of the point-spread function, allowing only the fluorescence signal in the centre 

to be recorded. This technique increases the resolution by a factor of 8-9 to 

~20-50 nm (23, 331–335). Optical microscopy enables live cell imaging, which 

captures the kinetic and temporal patterns of biological activities. Currently the 

best live cell imaging system is the fluorescence confocal microscope because 

of its wide availability, ease of use, and short imaging time, which lowers the 

possibility of introducing photo-toxicity. Efforts are being made to optimize 

super-resolution microscopy for this application as well.   
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1.10.2 Electron microscopy  

 In the 1900s, electron microscopy was developed to visualize even 

smaller features. This type of microscope takes advantage of the shorter 

wavelength of electrons compared to visible light to increase the imaging 

resolution.  Scanning electron microscope (SEM) uses an electron beam to 

raster across the surface of a specimen coated with metals and relays an image 

of the sample topography as visualized in three dimensions (3D). The resolution 

of SEM is ~1 nm (336–338). Alternatively, TEM transmits a beam of electrons 

through an ultra-thin <200 nm specimen (stained with metals, embedded in 

polymer resin, and ultra-microtomed (~100-150 nm slices)) or cryopreserved in 

thin amorphous ice films. The interactions of the electrons with the molecules 

on the specimen are recorded using a charge-coupled device (CCD) camera. 

TEM can produce images at a resolution of ~0.1 nm (339, 340). 3D TEM 

images, or tomograms, can be produced by tilting the samples and image the 

sample. The tilt series tomogram is computationally reconstructed to model a 

Figure 1.16 Image of C2C12 muscle cell nuclei stained by anti-Myogenin 
antibody taken by confocal microscopy (A) and super resolution SIM (B). 
Line plot profile histograms of the fluorescence signals captured in the two 
images show SIM (D) provides more details than confocal microscopy (C). 
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3D structure. To achieve even higher resolution, X-ray crystallography is 

available and can reveal molecular structures at Ångstrom resolution (341).  

1.10.3 Focused ion beam scanning electron microscopy  

 In this thesis, I mainly focus on cell and virus interactions, which requires 

the visualization of small features (viruses, organelles) in the larger context 

(whole cells, tissues). A new technology has been developed that addresses 

this need by combining the power of optical microscopy with electron 

microscopy, named correlative focused ion beam scanning electron microscopy 

(FIB-SEM). With this system, the observer can visualize whole cells and quickly 

identify features of interest by immunocytochemistry and fluorescence 

microscopy, and then visualize the ultrastructure and subcellular structures with 

high resolution 3D FIB-SEM (Figure 1.17).    

 There are many ways to visualize cellular structures in 3D electron 

microscopy. In serial section TEM (342, 343), the sample is stained with heavy 

metals, dehydrated, embedded in plastic resin, and ultra-microtomed in ~100-

150 nm sections. The sections are collected in a sequential order, imaged in 

TEM, and reconstructed into 3D structures. This technique requires skill and 

patience to preserve the nanometer-thin plastic sections, relocate the regions of 

interest, and align the images to produce an uninterrupted structure. Sections 

could be damaged or lost in the process, resulting in gaps in the final structure. 

Another technique is serial block face SEM (SBF-SEM), which physically 

sections the sample using a diamond knife placed inside the vacuum chamber 

and then image the sample with the SEM (344, 345). Although this technique is 

much easier than serial section TEM, the resolution in the z-direction is limited 

to the thickness of the slices ~50-70 nm (345). For my projects, I used FIB-SEM 

to abrade a resin layer of ~10-45 nm (z resolution) from the sample block face 
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with a FIB and then record the backscattered electrons using SEM at 1.5 kV to 

create an image of the sample block face at ~3-15 nm pixel sizes (x-y 

resolution). 

 

 To take a correlative FIB-SEM image, first, the regions of interest (ROI) 

are located using SEM based on the alphanumeric grid or surface topography 

of the sample. The plastic blocks are aligned at a 54º angle so that the sample 

surface is perpendicular to the ion beam and at an angle to the electron beam 

(Figure 1.18 A). Working with FIBICS, the Subramaniam lab has developed a 

technique to simultaneously image sub-volumes at high resolution and large 

fields of view at low resolution (346). This keyframe imaging technique enables 

ROI imaging in minute detail while also placing the structure in the context of 

the whole cells or tissues.  

 To accomplish this, the alignment of the image must be near-perfect. 

First, a thin 1 µm layer of carbon is deposited on top of the ROI, then a low dose 

70 pA ion beam is used to score a pattern, and finally, this pattern is protected 

with a thin 0.5 µm layer of platinum (Figure 1.18 B). Alternating carbon and 

platinum deposition enhances pattern contrast for image alignment and protect 

Figure 1.17 Correlative FIB-SEM steps: features of interest are labelled and 
identified using alpha-numeric gridded coverslips (A), samples are fixed, 
dehydrated, stained, and embedded in polymer resin (B), plastic resin is 
thinly abraded by FIB (C), and the block face is imaged using SEM (D). 
Panels (B-D) are from (512). 
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the sample surface. A large trapezoidal trench is created in front of the ROI by 

rastering FIB side to side, starting from the outer region advancing toward the 

ROI at progressively lower dose (27 nA, 13 nA, 3 nA, 700 pA, 300 pA) (Figure 

1.18Error! Reference source not found. C). The block face is polished with 

00 pA ion beam revealing the cross section of the sample, which is imaged by 

the SEM. Contrast is visualized by the varying levels of electron densities in 

cellular features with the optimum-stained lipids typically appearing as most 

electron dense features. The sub-volume and large ROIs are selected for SEM 

imaging and can be changed during the imaging process (Figure 1.18 D). 

 

 Imaging a cell with a diameter of 10 µm and a thickness of 3-5 µm can 

take 3-7 days to complete from sample preparation to imaging. Although this 

process is destructive, the final product is a 3D reconstructed volume of an ROI 

in high resolution and a 3D visualization of the surrounding regions in low 

Figure 1.18 Correlative FIB-SEM steps: sample is aligned with electron and 
ion beams (A), a pattern is etched on the surface and the sample surface is 
covered with a platinum and carbon layer to create a high contrast pattern 
and protect the sample surface (B), a trench is created in front of the 
features of the interest (C), and ROIs are imaged using electron beam (D). 
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resolution. This powerful technique provides temporal, spatial, and 

compositional information about cells and tissues. With further development, 

this emerging technology can be operated faster at low cost and increased 

throughput, making it a powerful tool for biological research.  

1.11  Aims of thesis 

 In this thesis, my principal aim was to analyze the interactions taking 

place between HIV-1-infected immune cells and astrocytes, with relevance to 

HIV-1-induced neuropathy.  

 To gain experience in the techniques I would require for this, I first 

carried out an analysis of muscle cell morphogenesis using novel correlative 

light and electron microscopy techniques (chapter 3). This allowed me to master 

cell culture and imaging techniques in a simple system that did not require 

exposure to infectious virus or virus-infected cells. Once I had achieved this, I 

subsequently applied these and other virological techniques to the analysis of 

HIV-1-infected macrophage interactions with astrocytes (chapter 4) and HIV-1 

infected T cell interactions with astrocytes (chapter 5). 

 

Chapter 3. Image cellular differentiation mechanism of skeletal muscle cell 

using correlative FIB-SEM 

Aim 3.1. Characterize the genetic and morphological phenotypes of skeletal 

muscle cells by immunofluorescence using super-resolution microscopy 

Aim 3.2. Compare FIB-SEM preparation techniques and optimize them for 

correlative fluorescence and electron microscopy imaging 

Aim 3.3.  Image the ultrastructure and sub-cellular features of myoblast and 

myotube muscle cells by correlative FIB-SEM 
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Aim 3.4. Develop semi-automatic image processing techniques and quantitative 

metrics to describe qualitative characteristics of cellular structures 

 

Chapter 4. Characterize HIV-1 transfer from macrophages to astrocytes 

Aim 4.1. Determine whether astrocytes can become infected with HIV-1 

Aim 4.2. Determine where HIV-1 goes after the virus becomes associated with 

astrocytes: surface bound or intracellular compartment? 

Aim 4.3. Determine whether astrocytes can transfer virions to another cell 

Aim 4.4. Determine whether macrophages can transfer virions to astrocytes 

 

Chapter 5. Characterize HIV-1 transfer from T cells to astrocytes 

Aim 5.1. Determine whether T cells can transfer virions to astrocytes 

Aim 5.2. Analyze the effects of HIV-1 on astrocyte activation 

Aim 5.3. Characterize the VS structure between T cells and astrocytes 
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2 Materials and Methods 

2.1 Primary cell culture 

2.1.1 Primary human fetal astrocytes 

 Human fetal astrocytes (HFA) were isolated from second trimester fetal 

cerebral cortex, purchased from ScienCell Research Laboratories (SRL) 

(Catalogue #1800), and cultured with no chemical or genetic modifications. HFA 

were highly proliferative with high purity (>95% according to SRL) based on 

GFAP expression. The growth rate and GFAP expression decreased gradually 

in later passages. HFA were plated at 500,000 cells per T75 flask, which took 

10 days to reach 90% confluence, or 1,000,000 cells per T75 flask, which took 5 

days to reach 90% confluence. HFA were cultured in Astrocyte Media from SRL 

(Catalogue #1801) which included basal media using modified MCDB 131, 1% 

astrocyte growth supplement with optimized concentrations of insulin, 

transferrin, FGF, IGF-1, hydrocortisone and progesterone to support 

proliferation, 1% penicillin/streptomycin (P/S), and 2% fetal bovine serum (FBS) 

(Figure 2.1 A-B).  

 Alternatively, HFA were cultured from human fetal brain tissue at 98-day 

gestation in accordance with the National Institutes of Health (NIH) guidelines 

(102, 278). The fetal brain tissue was carefully cleaned and re-suspended in 

Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies), 10% FBS 

(Mediatech, Inc.) and 1% P/S (Life Technologies), incubated at 37ºC with 5% 

CO2 for 2 weeks without disturbance and then passaged once or twice a week. 

Isolation and culture of HFA by this method was done by our collaborator Dr. 

Guanhan Li from the NIH. Cells were incubated at 37°C in 5% CO2. 
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2.1.2 Primary peripheral blood mononuclear cells 

 Primary human PBMC were isolated as described in (238) from human 

leukocyte cones obtained from the National Blood Service at the John Radcliffe 

Hospital, Oxford, UK. The cone exterior was sterilized with 70% Ethanol. The 

blood was ejected from the cone using an empty syringe filled with air then with 

10 mL Phosphate Buffered Saline (PBS). PBMC were isolated by Ficoll density-

gradient centrifugation. Using a sterile pipette 20-25 mL Ficoll Histopague 

(Sigma) was added at the bottom of a 50 mL conical tube and 20-25 mL blood 

was slowly layered on top of the Ficoll layer to preserve the smooth interface. 

The conical tube was centrifuged at 400 g for 30 minutes at ~20-22ºC room 

temperature (rt) with no acceleration or deceleration. The result was a red 

erythrocytes layer at the bottom, followed by a thick transparent Ficoll layer, a 

thin white PBMC layer, and a thick yellow plasma layer on top. The PBMC were 

carefully transferred to a new 50 mL conical tube and washed with PBS by 

centrifugation at 250 g for 10 minutes with normal acceleration. PBMC were 

cryopreserved or used fresh for experimentation. 

2.1.3 Primary human monocyte-derived macrophages  

 Human primary monocyte-derived macrophages (MDM) were isolated 

from PBMC by using a Human Monocyte Isolation Kit II (Miltenyl Biotec) or 

EasySep Human Monocyte Enrichment Kit without CD16 Depletion (Stem Cell 

Technologies) following the manufacturer’s instructions (108, 238). Briefly, non-

CD14+ cells were labelled with a cocktail of antibody-magnetic beads and 

placed in a magnet that captured labelled unwanted cells in a small column or 

tube. Unlabelled CD14+ cells were collected. Monocytes were matured in 

macrophage differentiation medium consisting of Roswell Park Memorial 

Institute (RPMI) 1640 (Sigma) supplemented with 10% FBS, 1% P/S, 1% 
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Glutamax (GIBCO), and 100 ng/mL macrophage colony-stimulating factor 

(MCSF) (GIBCO) (347), which yielded both round, pancake-like and elongated 

monocyte-derived macrophages (MDM), typical of M1 and M2 MDM, 

respectively (348)  (Figure 2.1 C). MDM had 92-95% CD14 purity, a 

monocyte/macrophage marker, as measured by flow cytometry with few 

contaminating leukocytes. I chose this method over an alternative method, 

which uses Xvivo 10 media (Lonza) with 1% heat inactivated filtered human 

serum (104, 238) because Xvivo media yielded mostly round MDM and less 

adherent cells compared to RPMI/MSCF media  (Figure 2.1 D). MDM were 

matured for 5-7 days (104). Media were replaced every 7 days. 

 

Figure 2.1 HFA and MDM observed by light microscopy. HFA were stained 
with DNA marker, 4', 6-diamidino-2-phenylindole (DAPI) and GFAP (A). 
Scale bar: 50 µm. Confluent culture of HFA stained with haematoxylin and 
eosin stain (B). Scale bar: 200 µm. MDM matured with RPMI 1640, 10% 
FBS, 1% P/S, 1% Glutamax, and 100 ng/mL MCSF (C) and with Xvivo 10 
media with 1% human serum for 7 days (D). Scale bar: 100 µm.     
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2.1.4 Primary human T cells 

 Non-adherent PBMC were cultured in RPMI 1640 supplemented with 

10% FBS and 1% P/S and activated with 1 μg/mL Phytohaemagglutinin (PHA) 

(Sigma) and IL-2 (10 IU/mL CFAR, NIBSC) for 3 days. Human primary T cells 

were isolated using the Human CD4+ T cell Isolation Kit (Miltenyl Biotec) or 

EasySep Human CD4+ T cell Isolation Kit (Stem Cell Technologies) (104, 108). 

Briefly, non-CD4+ cells were labelled with a cocktail of antibody-tagged 

magnetic beads and placed in a magnet that captured labelled unwanted cells 

in a small column or tube. Unlabelled CD4+ cells were collected. T cells were 

used immediately after the isolation step.  

2.2 Stem cell culture 

2.2.1 Induced pluripotent stem cell monocyte-derived macrophage 

 Human induced pluripotent stem cell monocyte-derived macrophage 

(iPS-MDM) were cultured as described in (347). In summary, iPS cells derived 

from a human donor’s fibroblasts were cultured on top of a substrate made of 

mouse embryonic fibroblasts (MEF) (Figure 2.2 A). After a few days, the iPS 

cells formed large clusters (Figure 2.2 B) that can be sectioned and passaged 

on a low-adherence culture dish. These clusters formed tight embryonic bodies 

(EB) (Figure 2.2 C). The EBs were transferred back to an adherent culture dish 

with monocyte media, which induced the EBs to turn into factories that 

produced monocytes (Figure 2.2 D). These monocytes were matured into large 

and elongated MDM.    

 First, a 6-well tissue culture dish was coated with 0.1% gelatin for 30 

minutes to help MEF cells adhere then washed with PBS. Mitomycin C-

inactivated MEF were plated on the gelatin coated surface at 300,000 cells per 

well in 2 mL Advanced DMEM with 10% PBS, 1% P/S, 1% Glutamax and 0.1% 
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2-Mercaptoethanol (2-ME) (GIBCO) and cultured overnight. Next day, the 

culture medium was replaced with iPS medium consisting of knock-out DMEM 

(Invitrogen), 10% knock-out-Serum Replacement (Invitrogen), 2 mM Glutamax-I 

(Gibco), 100 U/mL penicillin (Invitrogen), 100 µg/mL streptomycin (Invitrogen), 

1% non-essential amino acids (Invitrogen), 0.055 mM β-mercaptoethanol 

(R&D), 10 ng/mL bFGF (R&D), 5 µg/mL heparin (Sigma) and 0.5% Albumin 

(Sigma) supplemented with 1 mM Rock inhibitor (Y27632; Calbiochem) for 1 

hour. Rock inhibitor was only used in the initial seeding stage to help iPS 

adhere after they had been detached and passaged using TrypLE Express (Life 

Technologies).  

 iPS cells, isolated from an anonymized human donor’s skin biopsy, 

named NHDF-1, in the James William Stem Cell lab were plated at 300,000 

cells per well. The medium was changed daily by removing 50% and adding 

fresh iPS medium without Rock inhibitor. After 6 days, a syringe needle was 

used to scratch 100 square grids in the wells and a large cell scraper was used 

to detach the MEF and iPS cells from the well. This detachment technique lifted 

the cells in small tight clusters, which encouraged formation of EBs.  

 The cluster of iPS cells was seeded into a well of a 6-well Ultra-Low 

Attachment Surface Plate (Costar) to form EBs and fed with iPS medium every 

other day. After 4 days of culture, the EBs were placed in a 15 mL conical tube 

until all the cells had settled at the bottom of the tube. The supernatant was 

removed and the pellet was re-suspended in 3-4 mL of monocyte factory 

medium consisting of Xvivo 15 (Lonza), 1% Glutamax, 0.1% 2-ME, 100 ng/mL 

MCSF, 0.05% IL-3 (GIBCO), and 1% P/S and re-plated in a 6 well tissue culture 

dish with about 15-20 EBs per well. The cells were 50% fed every 5-7 days. 

After 4-6 weeks, the factories started to produce monocytes, which were 97.7% 
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CD14+ by flow cytometry (Figure 2.2 E-F). Monocytes were harvested by 

removing 2 mL of media, gently adding back the media on top of the cell layer 

drop by drop, and finally removing 2 mL of media without any EB contaminants. 

Figure 2.2 Stem cell culture of Human iPS cells into MDM. Light microscopy 
images of MEF (A), iPS cells cultured on MEF substrate (B), dark EBs 
formed from iPS cells cluster (C), and monocyte factory (center) producing 
MDM (elongated cells) (D). Panels A-D scale bars: 50 µm. Flow cytometry 
shows live cell gating (E) and CD14 gating (F); iPS-MDM are 97.7% CD14+. 
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The monocytes were matured in RPMI 1640 media supplemented with 10% 

FBS, 1% P/S, 1% Glutamax, and 100 ng/mL MCSF for 5-7 days. Cells were 

incubated at 37°C in 5% CO2.  

2.3 Cell line culture 

2.3.1 C2C12 skeletal muscle cells 

 C2C12 mouse skeletal muscle cells (349) isolated from mouse tissue 

were obtained from the Vittorio Sartorelli laboratory (350) at NIH. They were 

cultured in complete DMEM growth medium containing 10% FBS and 1% P/S. 

Cells were grown to 70% confluence and then seeded into different flasks at 30-

40% confluence. To differentiate, cells were grown to 90% confluence. The 

growth medium was replaced with a differentiation medium containing 2% horse 

serum, 1% Insulin-Transferrin-Selenium 100x, and 1% P/S in DMEM. Medium 

was exchanged every 3 days. Cells were incubated at 37°C in 5% CO2. 

2.3.2 TZM-bl  

 TZM-bl is an indicator  cell line, previously designated as JC.53 (clone 

13), derived from Hela cells (NIH AIDS Reagent Program) (351, 352). Hela is 

an immortal human epithelial cell line derived from cervical cancer cells of a 

patient named Henrietta Lacks in 1951. This cell line proliferates rapidly and is 

frequently used in research.  TZM-bl stably expresses endogenous CXCR4 and 

transgenic human CD4 and CCR5 and is highly infectible with diverse strains of 

HIV-1 and HIV-2. These cells also contain integrated transgenic copies of 

luciferase and ß-galactosidase genes controlled by the HIV-1 promoter. 

Infection with HIV-1 induces the cells to express luciferase, which can be 

detected by Bright-Glo Luciferase System (Promega) substrate (353). The cells 

were cultured in complete DMEM containing 10% FBS, 1% P/S. The cell 



 65 

population doubled every day, and the culture was split at 70-80% confluence. 

Cells were incubated at 37°C in 5% CO2. 

2.3.3 293T 

 293T is a variant of the human embryonic kidney cells (HEK) cell line that 

stably expresses the Simian Vacuolating Virus (SV40) Large T-antigen, which is 

an oncogene that perturbs tumor suppressor proteins including retinoblastoma 

(pRB) and p53 (354, 355). The cell population doubles every day. These cells 

can be easily transfected with different plasmids to produce infectious virus or 

single cycle pseudoviruses (356–358). They were grown in complete DMEM 

containing 10% FBS and 1% P/S. The culture was split at 70-80% confluence. 

Cells were incubated at 37°C in 5% CO2. 

2.3.4  Jurkat-Tat-CCR5 cell line 

 Jurkat-Tat-CCR5 (ARP094, National Institute for Biological Standards 

and Controls Centre for AIDS Reagents) is a human T cell line that has 

endogenous CXCR4 and CD4 expression, and is stably transfected with human 

CCR5. This cell line is susceptible to infection by CCR5, CXCR4, and CCR5-

CXCR4 dependent HIV-1 isolates (120). Jurkat-Tat-CCR5 was cultured in RPMI 

supplemented with 10% FBS, 1% P/S and 1 mg/mL of G418 (GIBCO) in a flask 

until ready for infection. G418 was the selectable marker antibiotic used to 

maintain the level of CCR5 expression. During infection, cells were cultured in 

medium without G418. Cells were were incubated at 37°C in 5% CO2 and were 

split 1:10 every 2-3 days. 
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2.4 General cell culture techniques 

2.4.1 Detach adherent cells 

 To lift mature MDM from the tissue culture surface, the growth medium 

was removed, the culture surface was washed with PBS once, and the cells 

were incubated for 30-60 minutes in 12 mM Lidocaine 5 mM 

Ethylenediaminetetra-acetic acid (EDTA) at 4°C. After incubation, most cells 

typically rounded up, and gentle pipetting easily lifted the cells off. Highly 

adherent MDM sometimes required further scraping but this was avoided as it 

often resulted in lower viability.  

 To lift all other adherent cells, the growth medium was removed and set 

aside for the neutralization step. The culture was washed with PBS once, 

incubated for 5 minutes in 0.25% Trypsin-EDTA (Life Technologies) at 37°C, 

and the old growth medium containing serum was used to neutralize Trypsin. 

The cells were counted, centrifuged, and re-plated with fresh medium or 

cryopreserved.  

2.4.2 Cryopreserve cells 

 Cells were counted and centrifuged at 1500-1700 rpm for 5 minutes. The 

pellet was re-suspended in 4°C cell freezing solution containing 500 µL growth 

media and 500 µL of 80% FBS and 20% dimethyl sulfoxide (DMSO) or 1 mL of 

90% FBS and 10% DMSO, and immediately added to a cryovial. The cryovial 

was placed in a Nalgene Mr. Frosty freezing container or Cool Cell freezing 

container and immediately placed in -80°C freezer overnight. The next day, the 

cells were transferred to liquid nitrogen dewar for long term storage.   
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2.4.3 Thaw cells 

 Cryovials were rapidly thawed by gentle agitation in a water bath for 30 

seconds. At this point, the cells were still in a semi-frozen state. PBS at rt was 

added and pipetted up and down repeatedly until the cells were completely 

thawed. The cells were re-suspended in 9 mL of PBS for every 1 mL of cell 

solution thawed, centrifuged at 1500-1700 rpm for 5 minutes to remove residual 

DMSO and counted. At this point, the cells were ready for seeding. This method 

yielded 80-90% viability by the Trypan blue exclusion counting method. With 

fragile cells, such as HFA during initial seeding, cryovials were thawed in the 

water bath and the cells were diluted at a 1:10 ratio of cells to fresh media and 

immediately seeded to the culture dish. The next day, the growth medium was 

exchanged with fresh growth medium to remove residual DMSO. This 

alternative method avoided the centrifugation step, which sometimes damaged 

the fragile cells.   

2.5 Virus preparation 

2.5.1 HIV-1 Infectious molecular clones 

 HIV-1 viruses were made by transforming competent E.coli bacteria with 

replication-competent viral plasmid and transfecting 293T cells. After 2 days, 

transfected 293T cells produced viruses into the supernatant, which was 

harvested and cryopreserved for experiments. The following table lists the 

infectious molecular clones (IMC) used for my experiments. 
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Name of HIV-1 plasmid Tropism Source 

JRFL R5 

Center for AIDS Research 
National Institute for 
Biological Standards and 
Control 

Bal R5 

Center for AIDS Research 
National Institute for 
Biological Standards and 
Control 

NL4.3-
RFP(mCherry).T2A.CH077.ecto 

R5 
John Kappes, University of 
Alabama at Birmingham 

2263 pNLENGi-Bal-GFP.ecto R5 
John Kappes, University of 
Alabama 

NL4.3-eGFP X4 
Barbara Mueller, 
University of Heidelberg, 
Germany 

NL4.3-HIV-Gag-iGFP-JRFL R5 
Francois-Xavier Gobert, 
Philippe Benaroch, Institut 
Curie 

NL4.3-HIV-Gag-iGFP-JRFL R5 
Dr. Benjamin Chen, NIH 
AIDS Reagent Program 

2613 NL4.3-LucRenilla-T2A-Bal.ecto R5 
Christina Ochsenbauer, 
University of Alabama at 
Birmingham 

2921 NL4.3-LucRenilla-T2A-YU2.ecto R5 
Christina Ochsenbauer, 
University of Alabama at 
Birmingham 

2492 NL4.3-LucRenilla-T2A.ecto X4 
Christina Ochsenbauer, 
University of Alabama at 
Birmingham 

2.5.2 Transforming bacteria 

 One shot Stbl3 chemically competent E.coli cells (Life Technologies) 

were transformed with HIV-1 plasmid following the manufacturer’s instructions. 

Cells were frozen at -80°C and thawed slowly on wet ice. About 1-2 µL of 

soluble Ampicillin-resistant viral plasmid was added to competent bacteria and 

swirled gently. If the plasmid was not dissolved in aqueous solution but stored in 

dried droplets on small pieces of Whatman filter paper, then the filter paper was 

soaked in 100 µL of Tris-EDTA (TE) buffer Sigma and 10 µL of solution was 

added to the competent bacteria. The bacteria were incubated in wet ice for 30 

minutes to allow the plasmid to attach to the bacteria. Bacteria were incubated 

in 42ºC water bath for 45 seconds and placed back into wet ice for 2 minutes to 
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induce the heat shock effect. The rapid change in the temperature induced the 

bacteria to take up the plasmids. 

 The bacteria were propagated in 500 µL Luria Broth (LB) at 37ºC with 

shaking at 250 rpm for 1 hour. About 300 µL of bacteria and plasmid were 

added to a 10 cm agar plate containing 100 µg/mL Ampicillin and spread thinly 

using a bacterial spreader. The plates were placed in 37ºC incubator upside 

down overnight. Because the agar plates contained Ampicillin, only bacteria that 

have taken up the Ampicillin-resistant viral plasmid propagated in this culture 

and formed colonies overnight.  

 The next day a single bacterial colony was selected by dragging a 200 

µL pipette tip across the colony and placing the pipette tip in a small tube with 2 

mL of LB broth containing 100 µg/mL Ampicillin and incubated in 37ºC with 

shaking at 180 rpm for 6 hours. The bacteria were expanded in a T-175 flask 

with 150 mL of LB broth containing 100 µg/mL Ampicillin overnight in a 37ºC 

incubator with shaking at 180 rpm. The next day the bacteria were lysed using 

GenElute HP Plasmid Maxiprep Kit (Sigma) according to manufacturer’s 

instructions, which typically yielded 1-3 mL of plasmid in Elution solution. Viral 

plasmid was quantified by placing 2 µL of plasmid on a NanoDrop 2000 UV-Vis 

Spectrophotometer (Thermo Scientific), calibrated with 2 µL of Elution solution 

from the Maxiprep kit as the base level. The machine measured the quantity of 

nucleic acid in µg/mL.  The viral plasmid was stored in 1 mL Eppendorf tubes at 

-20°C. 

2.5.3 Transfecting 293T cells 

 293T cells were transfected with viral plasmid complexed with a cationic 

gene delivery compound, known as  Polyethylenimine (PEI) (359). PEI complex 

is a simple, inexpensive, and effective method to deliver plasmid DNA into cells. 



 70 

293T cells were plated overnight at 4x106 cells per 10 cm petri dish in 5 mL of 

complete DMEM consisting of DMEM supplemented with 10% FBS and 1% 

P/S. The next day, 2.5 mL of complete DMEM containing 100 µL of 10 µM PEI 

was added drop by drop in 2.5 mL of complete DMEM containing 20 µg viral 

plasmid in a 50 mL tube on a vortex mixer to create a constant vortex. The 

DNA-PEI mixture was incubated at rt for 20 minutes to allow the plasmid-PEI 

complex to form. 293T medium was replaced with 5 mL of PEI-plasmid and 

incubated at 37°C for 4 hours. Next, fresh complete DMEM was exchanged and 

cells were cultured for an additional 48 hours.  

2.5.4 Harvesting virus 

 Supernatant from 293T cells was collected and filtered through a 0.45 

µm syringe filter. One volume of Lenti-X Concentrator (Clontech) was added to 

3 volumes of virus supernatant and incubated in 4ºC for 30 minutes. The 

solution was centrifuged at 1500 g for 45 minutes at 4ºC. After centrifugation, 

the supernatant was removed carefully. The pellet was re-suspended in 

complete RPMI consisting of RPMI supplemented with 10% FBS and 1% P/S at 

1/10th of original volume of 293T cell supernatant and frozen at -80 ºC in 

Eppendorf tubes.  

2.6 Luciferase assay 

 In summary, the luciferase assay is highly sensitive technique that can 

be used to quantify transcriptional activity when the luciferase reporter gene is 

cloned downstream of a suitable promoter. Cells, such as TZM-bl, and some 

IMC have been engineered to contain a luciferase reporter gene fused to the 

HIV-1 promoter region. This gene encodes a luciferase enzyme that catalyzes 

the oxidation of luciferin, which releases excess energy by emitting light. The 

fluorescence signal is proportional to the steady state mRNA level; thus, the cell 
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transcriptional activity can be measured by the released light (360). In this 

assay system, cells are lysed with a detergent-based buffer and rapid 

temperature changes (22°C to -80°C to 22°C). The cell lysate containing the 

luciferase enzyme is mixed with a luciferin substrate, which induces 

fluorescence signal that can be measured by a luminometer. Data are 

expressed in relative luminescent units (RLU). 

 

Figure 2.3. Schematic representation of the LucR gene inserted into the 
NL4.3 viral backbone of LucR HIV-1 viruses, reproduced from (362). 
Comparison of RLU values produced by Firefly versus Renilla luciferase 
systems using Bal-LucR infected TZM-bl taken at 3 consecutive time points. 
Graph shows the average values of triplicate samples. 
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2.6.1 TZM-bl titration infectivity assay  

 Viral titres were analyzed by TZM-bl infectivity assay (353, 361). TZM-bl 

were plated in triplicates of 12 wells in a 96 well flat bottom plate at 10,000 cells 

in 100 µL complete DMEM media per well. Virus was added to the first well at 

1:4-1:10 dilution and serially diluted at 1 to 3 by taking 50 µL of media from one 

well and adding it to the next well, skipping the last control wells for background 

readings. Cells were incubated for 24 hours. The medium was removed from all 

wells and replaced with 100 µL of reporter lysis buffer (Promega). The cell 

solution was incubated at rt for a few minutes and then froze at -80ºC overnight. 

Next day, lysed cells were thawed at rt in the dark and 50 µL of lysate was 

added to 50 µL Bright-Glo Firefly Luciferase Substrate (Promega) in a white 96 

well flat bottom luminescence plate (Corning). After 2 minutes, the plate was 

analysed using a M5 SpectraMax plate reader (Molecular Devices) on 

Luminescent setting with 1000 milliseconds integration to obtain Firefly RLU (F-

RLU). The background values were multiplied by 2 to determine the cut off 

values. Raw values that were above the cuff off values were counted and input 

into a TCID50 v5.0 software (NIH), which calculates the infectious units.  

2.6.2 Cell free virus luciferase infectivity assay 

 A cell free virus luciferase infectivity assay was performed using 

replication competent viruses with the Renilla Luciferase (LucR) gene inserted 

into HIV-1 proviral backbone, pNL4-3 DNA, after Env and fused with Nef via the 

T2A peptide sequence (Figure 2.3 A). These reporter viruses contain various 

HIV-1 Envs and stably express LucR over multiple replications (362). For my 

experiments, I used 2613 NL4.3-LucRenilla-T2A-Bal.ecto (Bal-LucR), 2921 

NL4.3-LucRenilla-T2A-YU2.ecto (YU2-LucR) and 2492 NL4.3-LucRenilla-

T2A.ecto (NL4.3-LucR). 
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 HFA and TZM-bl were plated at 2,500 cells per well in a 96 flat bottom 

well plate and allowed to adhere to the culture plates overnight. Cells were 

infected with Bal-LucR, YU2-LucR, and NL4.3-LucR reporter viruses at various 

multiplicities of infection (MOI) from 10-3 to 101 (108, 238)  overnight in a 37°C 

incubator and the virions were removed by PBS washes. At 2, 4, 7, 9, 11 days 

post infection (d.p.i.), the culture medium was removed and 50 µL of Glo-Lysis 

buffer (Promega) was added. The plate was left at rt for a few minutes and then 

frozen at -80ºC overnight. Lysed cells were thawed at rt in the dark. 50 µL of 

lysate was mixed with 50 µL Renilla Luciferase Substrate (Promega) in a white 

luminescence plate. After 2 minutes, the plate was analysed using a M5 

SpectraMax plate reader on Luminescent setting with 1000 milliseconds 

integration to obtain Renilla RLU (R-RLU).   

2.6.3 Cell-cell luciferase virus transfer assay 

 100,000 monocytes per well were plated in a 96 flat bottom well plate 

and allowed to mature for 5-7 days. When MDM had matured, 2,500 HFA were 

plated overnight and both cells were infected with Bal-LucR, YU2-LucR, and 

NL4.3-LucR viruses at MOI from 10-3 to 100 (108, 238). Next day, cells were 

washed with PBS and 10,000 TZM-bl or 50,000 activated CD4+ T cells per well 

were added. Cells were plated at different seeding densities and time points to 

account for the various cellular growth rates and cell body sizes. 

 At days 2, 4, 7, 9, 11 d.p.i., the co-cultures containing TZM-bl were 

washed with PBS and analysed for luminescent signal using Bright-Glo 

Luciferase Firefly Substrate as described in 2.6.1. Only TZM-bl express 

luminescent signal in response to Luciferase Firefly Substrate, therefore, it was 

not necessary to separate the cells in this co-culture system. Alternatively, the 

non-adherent T cells were gently transferred to a replicate 96 well plate (>94-
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99% CD4+ purity by flow cytometry) and analyzed for luminescent signal using 

Renilla Luciferase Substrate as described in 2.6.2.  

 Of note, although both Firefly and Renilla luciferase systems provide 

information about HIV-1 promoter activity through light emission, there are 

some small differences. When I compared the F-RLU and R-RLU values taken 

from triplicate samples of TZM-bl infected with Bal-LucR after 3 consecutive 

readings, I noticed that F-RLU values were higher and decreased more rapidly 

than R-RLU values (Figure 2.3 B). I concluded that for purposes of 

comparisons, it was important to compare RLU values within the same 

experiment. When comparing different experiments, it was important to 

remember that F-RLU yields an intrinsically higher signal than R-RLU; thus, 

higher F-RLU compared to lower R-RLU does not necessarily equate to higher 

HIV-1 promoter activity. 

2.6.4 HIV-1 neutralization/trans-infection luciferase assay 

 MDM from 2 donors and HFA were infected with Bal-LucR, YU2-LucR, 

and NL4.3-LucR viruses at MOIs from 10-3 to 100 (108, 238) overnight. Next 

day, cells were washed and incubated with 0.25% Trypsin for 5 minutes (363, 

364), or 10 μg/mL bNabs (10E8, PGT121, VRC01) (353, 362, 365) (a gracious 

gift from Torben Schiffner) for 1 hour at 37ºC, or 200 μg/mL Pronase (47, 363, 

364, 366) for 30 minutes at 4ºC. Cells were washed and 10,000 TZM-bl were 

added on days 2, 4, 7, 9, 11 d.p.i. and co-cultured for 3 days, then F-RLU was 

measured.  

2.6.5 HIV-1 inhibition luciferase assay 

 HFA were incubated with 10 μM PRO 2000 (Endo Pharmaceuticals) 

(367, 368) or 10 mM Mannan (Sigma)  (369–372)  or 10 μg/mL anti-ICAM-1 

antibody LB-2 IgG2b (BD Biosciences) (238) or 5 mM EDTA (371, 373)(Sigma) 
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or 5 μM jasplakinolide (Sigma) (96, 103, 238) or 10 U/mL heparinase cocktail (I 

and III) (Sigma) (35, 374–376) at 37ºC or 200 μg/mL pronase (Sigma) (47, 363, 

364, 366) at 4ºC for 90 minutes or 0.25% trypsin (363, 364) at 37ºC for 5 

minutes. Next, HFA were incubated with Bal-LucR, YU2-LucR, and NL4.3-LucR 

viruses at MOI from 10-3 to 100 (108, 238) for 4-6 hours. Cells were washed and 

TZM-bl was added. Three days after co-culture F-RLU was measured.  

2.6.6 Statistics 

 In all experiments, samples were performed in triplicate in 2-4 

independent experiments. The average background values were subtracted 

from raw values to produce adjusted values. Replicate adjusted values for each 

sample were averaged. Mann-Whitney unpaired non-parametric t-test was used 

to compare control and test samples; *p<0.1. Luciferase data were analysed 

using Prism (GraphPad) software and graphed with mean and standard 

deviations (SD). 

2.7 P24 Enzyme-linked immunosorbent assay  

 In summary, p24 HIV-1 antigen enzymbe-linked immunosorbent assay 

(ELISA) is an assay that measures the quantity of HIV-1 p24 capsid protein in a 

solution. First, an empty plate was coated with anti-p24 antibodies and then the 

plate was blocked with non-specific protein to prevent non-specific binding. 

Sample solution was added to the coated plate then unbound sample was 

washed off. P24 protein in the sample was captured by anti-p24 antibody. Next, 

enzyme-linked anti-p24 antibody was added to the captured p24 protein. 

Finally, after washing, enzyme substrate was added and the reaction induced a 

colour change that can be measured as optical density using a spectrometer. 

The following procedures were adapted from (97).  
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2.7.1 Inactivation of samples   

 Supernatants from the cell culture were transferred to a replicate 96-well 

plate and stored at -20°C. When ready, samples were heat inactivated with 

Empigen detergent (Sigma) for a final concentration of 0.5% Empigen at 56ºC 

for 1 hour. 

2.7.2 Coating ELISA plates 

 High binding 96 well ELISA plates (Greiner) were coated overnight at rt 

with 100 µL of anti-p24 antibodies (D7320, Aalto) at 10 µg/mL in coating buffer 

containing 100 mM NaHCO3 in deionized water at pH 8.5. D7320 is a purified, 

freeze-dried sheep polyclonal IgG raised against peptides from HIV-1 

sequences that are essentially conserved between various HIV-1 stains, 

reconstituted in deionized water to 1 mg/mL stock. 

2.7.3 Capturing of antigen 

 Next day, the plate was washed 3 times with wash buffer containing Tris-

buffered saline (TBS) made of 1.44 M NaCl, 250 mM Trizma-HCL in deionized 

water at pH 7.5 supplemented with 0.05% Tween-20 using a 96 well plate 

washer (Dynex Technology). Wells were blocked with 2% Bovine Serum 

Albumin (BSA) (Sigma) in TBS for 1 hour at rt to prevent non-specific binding 

then washed 3 times as before.  

 Recombinant p24 protein (AG6054, Aalto) was used as a standard, 

typically in duplicate wells, by performing 2-fold serial dilution titration starting 

from 200 ng/mL in 10% FBS, TBS, 0.5% Empigen. The last wells in the titration 

series contained buffer alone and functioned as background wells. Samples and 

standards were transferred to p24 antibody coated ELISA plate at 100 µL per 

well and incubated at 37ºC for 2 hours with gentle agitation at 75 rpm. The 
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plates were washed 6 times with wash buffer using a Dynex plate washer, with 

one plate rotation after the third wash to ensure uniform washes.  

2.7.4 Labelling of antigen  

 Biotinylated anti-p24 antibody (BC1071-BIOT, Aalto) was added to the 

plate at 1 µg/mL in 2% BSA, 20% FBS at 100 µL per well and incubated for 2 

hours at rt. The plate was washed 6 times as before. Streptavidin-Horseradish 

peroxidase (HRP) (AbD Serotec) was added to the plate at 100 ng/mL in TBS, 

2% BSA, 20% FBS at 100 µL per well and incubated for 1 hour at rt. The plates 

were washed 6 times as before. 

 TMB Turbo One-Step Substrate (Pierce) was added to the plate at 100 

µL per well for 10 minutes until the colour of the standard wells turned bright 

yellow with gradual gradation from yellow to clear starting from the most 

concentrated to negative control wells. The reaction was stopped with 100 µL of 

0.5 M H2SO4 which turned the colour into bright blue. 

2.7.5 Analyzing data: SpectroMax 

 The plates were analysed using a SpectroMax M5 (Molecular Devices) 

plate reader using Absorbance setting at 450 nm and 570 nm with 1 times plate 

automix. Raw 450 nm values were subtracted from 570 nm values to control for 

pipetting errors. Background values from buffer wells were averaged and 

subtracted from the previous values to yield sample values. Standard values 

were used to create a graph that relates absorbance values to p24 

concentration in ng/mL. A standard curve fit with a sigmoidal dose-response 

curve with variable slope was calculated to find an equation that best fitted the 

standard values. Sample absorbance values were entered into the equation and 

interpolated to yield p24 concentration in ng/mL using Prism 6 (GraphPad).   
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2.8 Multicolour flow cytometry 

2.8.1 Antibodies 

 Cells were prepared for flow cytometry by staining them with 

fluorescence conjugated antibodies and matching isotype controls at the same 

concentration using surface marker or internal marker techniques. The following 

table lists the antibodies used in experiments. 

Target Isotype Description Dilution Source 

CD3-v450  Mouse IgG1, k T cell surface 
marker  

1:50 BD 560366 
Isotype 560373 

CD14-PE Mouse IgG2a,k Macrophage 
surface marker 

1:50 BD 555398 
Isotype 555574 

CD14-APC 
 

Mouse IgG1k 
 

Macrophage 
surface marker 

1:10 Biolegend 325608 
Isotype 400121 

GFAP-
Alexa Fluor 
647 

Goat polyclonal 
IgG – stock 200 
µg/mL 

Astrocyte 
internal marker 

1:50 Santa Cruz  
6171 AF647 
Isotype 45066 

2.8.2 Staining cell surface markers 

 Cells were pelleted in a 96 well round bottom plate or 1.5 mL Eppendorf 

tube at 1500 rpm for 5 minutes and incubated in 2% FBS in PBS, 10 µg/mL 

normal human IgG (from Torben Schiffner) and conjugated antibody for 1 hour 

at 4ºC. Cells were washed with PBS and fixed with 4% formaldehyde in PBS at 

rt for 15 minutes. Cells were washed 3 times with PBS and re-suspended in 50-

200 µL PBS for flow cytometry analysis.  

2.8.3 Staining cell internal markers  

 Cells were pelleted in a 96 well round bottom plate or 1.5 mL Eppendorf 

tube at 1500 rpm for 5 minutes and permeabilized and labelled with conjugated 

antibody in 0.1% Saponin, 3% FBS, 0.009% Sodium Azide in PBS for 1-3 hours 

at rt. Cells were washed 3 times with PBS and re-suspended in 50-200 µL PBS 

for flow cytometry analysis. 
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2.8.4 Analyzing data: FACS Calibur or Cyan 

 Cells were collected on FACS Calibur (BD) or Cyan (Beckman Coulter) 

flow cytometers at 5,000-20,000 events per sample. The voltage was set by first 

analysing isotype control samples and adjusting the voltage so that most of the 

cells were in the lower range of the histogram or dot plot. Next, positive cells 

were analyzed to ensure that most of the cells were visible inside the graph. 

Single colour controls were analysed for compensation in experiments where 

multiple colours were used. Compensation was corrected for emission spectral 

overlap to ensure that the fluorescence signal detected in a particular channel 

was solely derived from the fluorochrome of interest. Analysis was done using 

FlowJo V10 software. Live cells were gated using side scatter channel (SSC) 

and forward scatter channel (FSC) using log scales. Most live cells have signals 

above 102 in both SSC and FSC channels and appear in tight clusters in dot 

plots of SSC vs. FSC. Positive cells were gated by selecting cells with 

fluorescence signals higher than those in matching isotype samples. 

2.8.5 Analyzing data: ImageStream 

 Alternatively, cells were analysed using an ImageStream X Mark II 

(Amnis) instrument, which combines both the power of flow cytometry and 

fluorescence microscopy. In this technology, each cell that passes through the 

electronic detection apparatus is imaged, counted, and analysed by lasers for 

biomarker detection. The samples were imaged with a 20x or 40x objectives 

with extended depth of field (EDF). Laser intensities were set based on single 

colour controls so that the maximum value did not cause spectral overlap in 

other channels as visualized by the microscopic images. Single colour controls 

were analysed at 10,000 events per sample for compensation in multicolor 

experiments. Samples were collected at 100,000-200,000 events per sample. A 
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compensation matrix was generated with IDEAS analysis software (Amnis) and 

applied to all raw data. Gating and data analysis are described in the following 

result chapters. Image processing was performed in IDEAS software and 

statistical analysis was performed in Prism. A Mann-Whitney unpaired non-

parametric t-test was used to compare control and test samples; *p<0.1.     

2.9  Light and Fluorescence Microscopy 

 Cells were stained for fluorescence microscopy with antibodies and 

antibody-tagged fluorochromes listed below.  

Target Isotype/Description Dilution Source 

Myogenin 
Myogenic transcription 
marker, anti-mouse IgG1 

1:500 Santa Cruz 

Myf5 
Myogenic transcription 
marker, anti-mouse IgG1 

1:500 Santa Cruz 

MyoD 
Myogenic transcription 
marker, anti-mouse IgG1 

1:500 Santa Cruz 

H3K9me2 
Histone marker, anti-mouse 
IgG1 

1:500 Abcam 

GFAP Astrocyte marker, anti-rabbit 1:500 Abcam 

p24 
HIV capsid marker 
Clone 37G12 

1:600 
Polymun 
Scientific 

Fluorochrome Isotype/Description Dilution Source 

Alexa Fluor 488 Mouse IgG1 1:1000 Life Technologies 

Alexa Fluor 546 
Mouse IgG1 
Rabbit Polyclonal 

1:1000 Life Technologies 

Alexa Fluor 633 
Mouse IgG1  
Rabbit Polyclonal 

1:1000 Life Technologies 

DAPI Nuclear marker 1:5000 Life Technologies 

Hoechst Nuclear marker 2 µg/mL Life Technologies 

Vybrant Dye DiI Membrane marker 1:200 Life Technologies 

Abberior Star 
635P 

Rabbit Polyclonal 1:100 
Abberior, Jackson 
ImmunoResearch, 
coupled in-house 

Atto 490LS  
Mouse IgG1  
Clone 37G12 

1:100 
Atto-Tec, Jackson 
ImmunoResearch 
Coupled in-house 
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2.9.1 Staining for cellular markers 

 In general, cells were cultured in sterilized pre-packaged cell culture 

surfaces or on glass coverslips that had been sterilized by immersing in 70% 

Ethanol in PBS followed by 3 quick immersions in PBS. Cells were washed with 

PBS and fixed with 4% Paraformaldehyde or Formaldehyde (Electron 

Microscopy Sciences) in PBS for 15 minutes with rocking.  

 After fixation, samples were washed 3 times with PBS and permeabilized 

with 0.2% Triton X-100 (Sigma Aldrich) in PBS for 15 minutes, then washed 3 

times in PBS. Samples were blocked with Blocking Buffer containing 3% bovine 

serum albumin (BSA) in PBS for 1 hour at rt with rocking. Samples were 

incubated in primary antibody diluted in Blocking Buffer for 1 hour at rt. After 

incubation, cells were washed 3 times with PBS. The last two steps were 

repeated with secondary antibody. During the last 10 minutes of staining, DAPI 

or Hoechst was added. Finally, the samples were washed 3 times with PBS. 

Alternatively, cells were blocked and permeabilized with PermWash solution 

containing 0.1% Saponin, 0.5% BSA, 5% human serum, 5% goat serum in PBS 

for 30 minutes. Cells were stained with primary and secondary antibodies as 

above but all the steps were performed using PermWash solution instead of 

Blocking Buffer or PBS. In some experiments, cell membranes were also 

stained with Vybrant Dye DiI (Life Technologies) for 15 minutes and washed 3 

times with PBS.  

 The stained coverslips were mounted on glass slides using 30-50 µL of 

Permount (Fischer) or VectaShield Mounting Medium with DAPI (Vector Labs) 

and sealed around the edges with nail polish. The samples were stored at 4°C 

protected from light. To conserve reagents, for all antibody steps, coverslips 

were placed upside on 30-50 µL droplets of antibodies on parafilm sheet. For 
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washing steps, coverslips were placed back inside 24 well plate and washed 

with 1 mL of PBS and the solution was removed by aspiration for infected 

samples or by inversion of the plate in a sink for all other samples. The 

coverslip remained adhered to the plate by surface tension.   

2.9.2 Live, widefield, and confocal microscopy 

 Light microscopy was acquired using the EVOS XL Imaging system (Life 

Technology) at 4x, 10x, and 20x magnification. The advantage of this 

microscope is that the cells can be imaged directly from a culture dish without 

any preparation. I used this microscope to image live cells in petri dish culture 

or haematoxylin and eosin stained samples using Hema Gurr rapid staining kit 

(VWR international) according to the manufacturer’s instructions.  

 Live cell fluorescence imaging was performed using a Zeiss AxioVision 

200 with a MRm charged couple device CCD camera and Colibri illumination 

with 20x or 40x oil-immersion objective at every 5 or 10 minutes for 6-24 hours. 

The microscope is located in a Category III laboratory for infectious disease 

studies. The microscope has an enclosed imaging chamber that was operated 

at 37°C with 5% CO2 to mimick physiological conditions. Image analysis was 

performed using AxioVision v 4.8.2 software (238). 

 Fluorescence imaging was acquired on the confocal microscope 

Olympus FV-1000 or widefield microscope Olympus IX51 equipped with CCD 

camera using 20x, or 40x, 63x, 100x oil immersion objectives at 1024 x 1024 

pixel images with 1-2 minutes scan time. Z-stack images were taken at 2-5 µm 

steps. Images were processed using Olympus FluorView v2.0b software. 3D 

reconstructions of z-stack images were processed using Imaris software.  
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2.9.3 Structured illumination microscopy  

 SIM was performed on a SI microscope built by Dr. Jeffrey Spector (102, 

377) based around an upright microscope (Olympus BX-51).  The excitation 

light of 488nm or 561nm laser enters the microscope tube lens and is focused 

on the sample through a 100X N.A. = 1.3 oil immersion objective. The 

fluorescence emitted from the sample was filtered using band pass filters 

525/30 and 605/15 (Semrock Inc.) and imaged on an electron multiplying CCD 

camera (Princeton instruments).  All hardware was controlled using custom 

written software (Visual Basic) based on ThorLabs APT controller software. SI 

images were acquired using 6 phases and 6 angles with an exposure time 

between 100 and 250 milliseconds per image. SI reconstruction was performed 

in custom written MATLAB software by Dr. Jeffrey Spector. Images were 

analysed with ImageJ software (NIH). 

2.9.4 Stimulated emission depletion microscope  

 The STED microscope was based on an Abberior Instrument RESOLFT 

QUAD-P super-resolution microscope (Abberior Instruments) equipped with two 

excitation lasers: 480 nm and 640 nm (PicoQuant). The STED beam was 

produced by a Titanium: Sapphire laser system (MaiTai, Spectra-Physics). A 

phase-modifying plate (VPP-1a, RPC Photonics) was used in the STED beam 

path to generate a donut shaped focal spot. STED and excitation laser beams 

were spatially super-imposed and the fluorescence light was filtered using 

appropriate dichroic filters (AHF Analysentechnik). Images were taken using an 

oil immersion 100x with 1.40 NA objective (Olympus) and detected by a single 

photon counting avalanche photo diode (SPCM-AQRH-13, Excelitas 

Technologies) with fluorescence filters. Data were acquired using Inspector 
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software. STED imaging and reconstruction was performed by Dr. Jakub 

Chojnacki (23). 

2.10 SEM 

2.10.1 Sample fixing and staining 

 Cells were grown on sterilized glass coverslips. The samples were fixed 

with 4% formaldehyde in PBS for 15 minutes and washed 3 times in PBS. The 

samples were prepared and imaged in fluorescence microscopy. The samples 

were fixed with 2.5% gluteraldehyde in 0.1M PBS at pH 7.2-7.4 at rt for 1 hour. 

The samples were rinsed with 0.1M PBS or 0.1M Sodium Cacodylate Buffer 

(SCB) 3 times, 5 minutes each. The samples were stained with 1% OsO4 in 

0.1M SCB at rt for 1 hour and rinsed with Milli-Q water for 3 times, 5 minutes 

each.  

2.10.2 Sample dehydrating 

 The samples were dehydrated with 30%, 50%, 70%, 95% ethanol in Milli-

Q water for 5 minutes, 2 times each, and 100% ethanol in Milli-Q water 3 times, 

10 minutes each. Finally, the ethanol was removed and the samples were dried 

using hexamethyldisilazane (HMDS) (Polysciences) for 3 minutes. The HMDS 

was immediately removed and placed overnight in a chemical hood with the lid 

open to allow complete desiccation. Alternatively, the sample was dried using 

AutoSamdri 815 Critical Point Dryer (Touismis) to remove ethanol using 

pressurized liquid CO2 to avoid surface tension artifacts. For SEM, samples 

were mounted on SEM stubs and sputter coated using Q150R ES Dual 

Carbon/Sputter Coater (Quorum Technologies) with 15 nm gold and palladium.  
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2.10.3  Sample imaging 

 The JSM-6390 Scanning Electron Microscope (JEOL) was used for data 

collection. This microscope allows detailed imaging of the surface topography of 

whole cells. Imaging was done at acceleration voltage of 5 kV. Regions of 

interest were located at magnification of 100 – 500x and images were taken at 

100-10,000x. Images were analyzed using the ImageJ software.  

2.11 Transmission electron microscope 

2.11.1 Sample staining 

 Cells were cultured on sterilized glass coverslips, gridded glass 

(MatTek), or plastic petri dishes (iBidi). The samples were fixed with 4% 

Formaldehyde in PBS for 15 minutes, washed 3 times in PBS. The samples 

were prepared and imaged by fluorescence microscopy. The samples were 

fixed with 2.5% gluteraldehyde in 0.1 M Sodium Cacodylate Buffer at pH 7.2 or 

0.1M PBS for 1 hour at rt then rinsed in sodium Cacodylate buffer 3 times, 15 

minutes each. The samples were stained in 1% osmium tetroxide in sodium 

Cacodylate buffer at rt for 1 hour, rinsed with fresh Milli-Q water 3 times, 5 

minutes each. Samples were stained with 2% uranyl acetate in Milli-Q water for 

2 hours at 4°C protected from light.  

2.11.2 Sample dehydration 

 The samples were rinsed with water for 10 minutes then dehydrated in 

30%, 50%, 70%, 80%, 90%, 95% ethanol in water for 10 minutes each at rt, 

then 100% ethanol 3 times, 30 minutes each. Resin was prepared by mixing 10 

mL Agar 100 (Agar Scientific) with 300 µL of Benzyl dimethylamine catalyst 

(Electron Microscopy Sciences) on a rotator for 30 minutes until the mixture was 

a homogenous golden color. After dehydration, the ethanol was removed and 
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the samples were incubated with 2:1 100% dry ethanol: Agar100 resin for 1 

hour, then 1:1 100% dry ethanol: Agar100 resin for 2-3 hours, and 1:2 100% dry 

ethanol: Agar100 resin for 1 hour in the chemical hood. The samples were 

incubated in 100% Agar100 overnight at rt. The next day, the resin was 

changed in the morning and again in the afternoon. The samples were 

incubated for 24-48 hours at in the 60°C oven, then heated in a 56°C oven and 

then immediately plunged into liquid nitrogen. The rapid temperature changes 

induced differential expansion rates between the culture dish and the resin 

block, causing the culture dish to lift off. The resin block was trimmed using a 

razor blade to create a trapezoidal pyramid with the cells at the top.  

2.11.3 Sample polishing 

 When needed, the surfaces of the samples were trimmed by semi-thin 

sectioning (150-500 nm) using a glass knife. The glass knife was made using a 

KMR3 knife maker machine (Leica) by cutting glass knife strips (Electron 

Microscopy Sciences) into squares then into right angled triangles with durable 

and sharp edges. The glass knife was inserted into an ultramicrotome EM UCT 

or UC7 machine (Leica) to section the samples. Once the samples were 

trimmed, a diamond knife replaced the glass knife in the ultramicrotome 

machine and was used to cut the samples into thin sections (100 nm). The 

sections were transferred to a 200 nm mesh Copper grid with a round metal 

loop.  

2.11.4 Sample post-staining 

 At this stage, the samples were post-stained with lead citrate to increase 

contrast. Milli-Q water was warmed on a hotplate. Lead citrate was filtered with 

a 0.22 um syringe filter and centrifuged for 1 minute at 14,000 rpm to ensure 

that there were no precipitates in the staining solution. A sheet of parafilm was 
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placed on the bench. A droplet of 20 µL lead citrate for each copper grid was 

pipetted on the parafilm. Sodium hydroxide pellets were added around the 

droplets to scavenge excess carbon dioxide and care was taken to prevent 

exhalation near the samples. Each grid was transferred to separate droplets of 

stain, section side down, and incubated covered for 5 minutes at rt. Meanwhile, 

a line of three 200 µL droplets was pipetted next to each droplet of lead stain. 

When the lead staining was completed, the samples were dried by gently 

touching to edge to a Whatman filter paper and placed on a droplet of water, 

section side down. This process was repeated 3 times, 1 minute for the last 

wash. The grids were placed, section side up, on a Whatman filter paper to dry. 

The samples were then ready for imaging.  

2.11.5 Sample imaging 

 The FEI Tecnai 12 TEM with a 4 Megapixel Gatan Ultrascan™ 1000 

CCD camera was used for data collection. Regions of interest were located at a 

nominal magnification of 100x. Images were taken at 100-100,000x 

magnification using Gatan Digital Micrograph software at 120 kV high tension 

using a lanthanum hexaboride (LaB6) electron source. Images were analysed 

using the ImageJ software.      

2.12  Focused ion beam scanning electron microscopy 

2.12.1  Sample preparation – chemical fixation 

 The cells of interest were cultured in gridded glass (MatTek) or plastic 

petri dishes (iBidi). The samples were fixed with 4% Formaldehyde in PBS for 

15 minutes then imaged using fluorescence microscopy, recording the alpha-

numeric code, which indicated the location of the region (102, 346, 378). The 

culture medium was replaced with 3 PBS exchanges then the cells were fixed in 
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2% gluteraldehyde in 0.1 M sodium Cacodylate buffer pH 7.0 for 1 hour at rt. 

The sample was washed with sodium Cacodylate buffer 3 times, 10 minutes 

each. The cells were post-fixed with 1% osmium tetroxide in sodium Cacodylate 

for 1 hour at rt and washed with sodium Cacodylate twice and 0.1 M sodium 

acetate pH 4.2 buffer once for 10 minutes each. The cells were stained with 

0.5% uranyl acetate in sodium acetate buffer for 1 hour in RT followed by three 

washes in sodium acetate for 10 minutes each.  

 The sample was dehydrated with ethanol in de-ionized water 35%, 50%, 

70%, 95%, twice for 10 minutes each, 100% ethanol three times for 10 minutes, 

and embedded in PolyBed 812 Luft formulations Embedding Kit/BDMA 

(PolySciences). Resin components were made at the following proportion: 4.7g 

EPON, 2.5 g DDSA, 2.8 g NMA, and 150 µL BMDA, which yielded about 15 mL. 

The sample was left in the chemical hood on a rotator overnight. The next day, 

the resin was replaced with freshly made resin and placed in 56ºC oven for 48 

hours to induce polymerization. Hydrofluoric acid 48 wt % was used to remove 

the glass bottom without disrupting the resin block. This acid was neutralized 

with sodium hydroxide. Alternatively, the sample was heated in a 56°C oven 

and then immediately plunged into liquid nitrogen. The rapid temperature 

changes induced differential expansion rates between the culture dish and the 

resin block, causing the culture dish to lift off. The sample was mounted as 

described below.  

2.12.2 Sample preparation – high pressure freezing 

 Alternatively, the cell sample was prepared using high pressure freezing 

quick substitution (HPF-QS) as described by Kent McDonald (379, 380). Cells 

were cultured on sapphire discs (Leica) that had been sterilized in 70% ethanol 

and air dried in the tissue culture hood. Immediately before high pressure 
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freezing, the sample medium was exchanged with 20% BSA in culture medium 

as a cryo-protectant for the cells. Three mock runs were performed with the 

EMPACT2 high pressure freezer (Leica) to ensure that the target parameters 

were 2000 Pa and a cooling rate of 10,000-20,000 °C per second with smooth 

freezing curves. The cells were kept submerged in a liquid nitrogen bath.  

 Fixative solution of 1% OsO4 (Electron Microscopy Sciences), 0.5% 

Uranyl Acetate (Sigma Aldrich) and 5% deionized water in 100% acetone 

(Sigma Aldrich) was added to cryovials with O-ring seals, one for each sample. 

A heater block (Cole Parmer) and the cryovials containing fixative solution were 

cooled in liquid nitrogen inside a small foam box for 15 minutes to allow the 

temperature to equilibrate. In a control cryovial, a thermocouple probe (Omega 

Engineering) was submerged in 100% acetone to monitor temperature changes 

over time.  

 Frozen sapphire disc samples were transferred to the cooled cryovials 

containing fixative in liquid nitrogen vapour phase to avoid rapid temperature 

changes. The liquid nitrogen was poured out of the foam box and the heater 

block was placed horizontally in the empty foam box on a shaker at 100 rpm 

until the temperature reaches rt, which took 3 hours. This short staining and 

dehydration technique was termed HPF-QS.  

 The samples were rinsed 3 times with pure acetone. The sapphire discs 

were transferred to a flat bottom-embedding capsule with the cells facing up. 

The samples were slowly infiltrated with Epon 812 resin (Electron Microscopy 

Sciences) made as above using 50% resin: acetone for 1 hour, 100% resin for 1 

hour, and 100% resin overnight at rt. The next day, fresh resin replaced the old 

resin and the samples were polymerized in 56°C oven for 48 hours. The resin 

blocks were removed from the embedding capsules. A razor blade was used to 
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trim resin around the sapphire disc. The samples were immersed in liquid 

nitrogen then in 56°C oven alternatively until the sapphire disc lifts off due to 

differential expansion rate. The sample was mounted as described below. 

2.12.3  Sample mounting 

 The resin block was trimmed using a handheld rotary tool (Dremel) then 

a razor blade to create a trapezoidal pyramid with the cells at the top. The resin 

debris were removed in deionized water using a sonicator for 6 minutes. Finally, 

the embedded resin block was mounted on a specimen stub using colloidal 

silver paint (Electron Microscopy Sciences) and sputter coated with gold for 30 

seconds to increase conductivity. The samples were handled with gloved hand 

to avoid imparting moisture. 

2.12.4  Sample imaging 

 A Zeiss NVision 40 Crossbeam Microscope (Carl Zeiss NTS) equipped 

with Atlas3D software (Fibics Inc., Ottawa) was used for data collection. The 

resin block was imaged with an electron beam at 15 kV to locate the cells based 

on the surface topographical features. The sample stub was tilted to 54º and a 1 

um layer of carbon and a 0.5 µM layer of platinum was deposited on the region 

of interest using a gas injection system with a FIB of 30 kV and 300 pA–1.5 nA. 

A trapezoidal trench was created using a 13-27 nA ion beam and the cliff face 

was polished with a 300-700 pA ion beam in front of the region of interest. A 

300-700 pA focused ion beam iteratively removed 16-48 nm slices from the 

cross-section while an electron beam scanned the newly revealed surface at 4-

16 nm per pixel resolution. The images were recorded using energy selective 

back scattered electron (ESB) detector at 1.5 kV with an aperture size of 60 µm. 

The result is a stack of 2D scanning electron microscopy images. 
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2.12.5 Image analysis 

 The individual 2D images were merged into a single stack, then cropped 

and aligned using customized scripts written by Dr. Bradley Lowekamp based 

on the image processing program IMOD (UC Boulder). Features of interest 

were automatically selected with Avizo Fire (Visualization Sciences Group) or 

3DSlicer (www.slicer.com) using a threshold tool that highlighted features within 

a specified range of pixel intensity. The automatic segmentation was polished 

manually using Avizo Fire or 3D Slicer. The 2D segmentations were converted 

into polygons to produce 3D visualizations using Avizo Fire or Autodesk 3D 

Studio Max software. Statistical measurements of features were automatically 

calculated using customized script in combination with 3D Slicer. 
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3 3D Imaging of Skeletal Muscle Cell Differentiation 

3.1 Introduction 

 The growth and differentiation mechanisms of cells are carefully 

controlled by the cell cycle system. Disruptions of these mechanisms can lead 

to a host of diseases, most notably cancer (381), and in many cases premature 

death. Powerful new technologies for chemical and structural imaging of cells 

are now becoming available and they provide a unique opportunity to study the 

mechanisms associated with cell growth and differentiation. In this way, the 

consequences of genetic mutation or perturbation can be detected and effective 

diagnosis and treatments can be identified. To 1) establish the utility of these 

imaging approaches and 2) characterize the differentiation mechanism of cells 

in a healthy, well established system, I analyzed the differentiation pathway of 

C2C12, an immortalized murine cell line (349), from skeletal myoblasts into 

myotubes. This model system recapitulates the finely tuned cellular 

development mechanisms of many lineage-specific cells, from progenitor cells 

into post-mitotic terminally differentiated cells. Thus, information discovered 

here may also be applied to other cells in the body. 

 The process of skeletal muscle differentiation is governed by a dynamic 

and parallel relationship between both genetic expression and structural 

organization. In early embryonic development, mesodermal stem cells give rise 

to myogenic progenitor cells, termed myoblasts, which proliferate rapidly and 

differentiate to form myotubes. When the multinucleated myotubes reach a 

post-mitotic state, they fuse together to form muscle fibers and produce proteins 

to induce muscle contraction (382). When the muscle fibers have matured, the 

cellular growth rate reaches a steady peak and then declines. During this 

process, some progenitor cells remain quiescent as adult stem cells, termed 
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satellite cells. Under specific signaling stimulus, the satellite cells can be 

activated to repopulate the myogenic progenitor pool and replace the terminally 

differentiated cells to repair and maintain tissue homeostasis (383–386).  

 Myogenesis and skeletal muscle function depends on the spatiotemporal 

regulation of the gene expression. It has been shown that subcellular structures 

such as nuclear lamins (387), nuclear membrane (388–390) and NPC (390–

393) can regulate the gene expressions, structural organizations, and cellular 

functions during muscle differentiation. Additionally, the chromatin 

arrangements and their spatial relationships to other nuclear structures have 

been shown to play in important role in the induction or repression of gene 

expression (394, 395).  

 To explore the parallel genetic and structural changes that occur in the 

skeletal muscle cells during differentiation, I applied correlative FIB-SEM. 

Genetic changes associated with differentiation are first followed by widefield 

and super-resolution SIM, and these are correlated with changes in the 

ultrastructures and subcellular structures observed by 3D FIB-SEM at 

nanometer resolution. The delicate subcellular features were preserved for EM 

using HPF-QS, which enhances the contrast of the features and reduces the 

introduction of artifacts commonly observed in conventional chemical fixation.  

 The combination of these advanced sample preparation and imaging 

technologies provide visualization of whole cells and their subcellular structures, 

including the nuclei, euchromatin, heterochromatin, NPC, and mitochondria. 

Using Slicer 3D software, I applied automated segmentation to reconstruct the 

images into 3D models. Reconstructed cellular components can be analyzed 

quantitatively to objectively characterize and compare the structural features of 

these cells. I show that these techniques can be useful tools for analyzing the 
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genetic phenotypes and structural organization of cells in 3D at high resolution. 

Methods described here could be useful for cellular characterization and 

diagnostic applications. Taken together, quantitative and qualitative analyses 

reveal that, despite various morphological changes that occur during 

differentiation, many architectural characteristics are conserved, implying their 

central roles in cellular functions. This chapter discusses both the technical 

advances in high resolution imaging technology and the basic biological insights 

into muscle cell development. 

3.2 Myogenic expressions reveal the differentiation state of cell 

 Skeletal myogenesis, a process that commits myogenic precursor cells 

to terminal differentiation, is regulated by myogenic regulatory factors (MRF). 

MRFs are proteins that bind to DNA sequences to regulate the transcription of 

genes from DNA to messenger RNA. MRFs are expressed transiently in a 

hierarchical order during the skeletal muscle differentiation process from Pax 3, 

Pax 7, Myf5, MyoD, Myf4 to Myogenin (396–406). The expression of MRFs 

induces mononuclear myoblasts to align in parallel with each other and fuse 

together to generate elongated multinucleated myotubes, eventually forming 

into long muscle fibers (405, 406).   

 To monitor this process, I plated C2C12 skeletal cells at low density as 

mononuclear myoblasts with polygonal morphology. When the cells reached 

90% density, differentiation medium was added. Within a few hours, the cells 

began to align themselves parallel to each other as myocytes and in a few days, 

the myoblasts fused into elongated multinucleated myotubes (Figure 3.1 A-B). 

As the cells differentiated and changed their ultra-structural morphology, 

Myogenin expression, a later stage MRF, was observed to progressively 

increase in the nuclei of the cells. After 5-7 days in differentiation medium, 
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almost all of the cells had fused together and the majority of the nuclei strongly 

expressed Myogenin (Figure 3.1 C-F). In this way, the differentiation state of the 

cells can be characterized by the intensity of the MRF expression and the 

morphology of the cells.  

 

Figure 3.1 C2C12 mouse skeletal muscle cells were stained with DAPI 
(green) and DiI (magenta) to label the cell nucleus and membrane, 
respectively. Myoblast (A) contains a single nucleus with polygonal 
morphology. When myoblasts fuse together into myotubes (B), the cell 
contains multiple nuclei that string together in a linear formation inside the 
cylindrical tube. Myogenin (red) expression is monitored over the course of 7 
days as the cells differentiate from myoblast to myotube (C-F). Myogenin 
expression increased in the nuclei over time with the highest signal 
originating from nuclei inside fused myotubes. Panels A-B scale bars: 10 µm, 
C-F: 100 µm. 
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3.3 Myogenic expression is absent in the “zones of exclusion” 

 The expression of transcription regulatory factors determines the terminal 

fate of the cell. For example, down-regulation of Myogenin can reverse the cell 

differentiation state (407) and the absence of Myogenin can lead to severe 

dysfunction in muscle growth (408). To further analyze the pattern of MRF 

expression in the nuclei of the cells, I applied super-resolution SIM microscopy. 

At day 1, myoblasts showed low or no expression of MRFs (Figure 3.2 A-C). 

However at day 7, low levels of Myf5, and high levels of Myogenin and MyoD 

were observed in the nuclei of the cells (Figure 3.2 D-I).  

 In particular, the expression pattern of Myf5, Myogenin and MyoD 

reveals similar distinct “zones of exclusion,” which are areas inside the nucleus 

where the MRF expression is absent (Figure 3.2 E-F, H-I). These areas do not 

correlate with DNA or heterochromatic histones as observed by DAPI and anti-

H3K9me2 antibodies, respectively (Figure 3.2 J-L). The fluorescence images 

suggest the existence of physical structures inside the “zones of exclusion” that 

preclude expression of the myogenic factors.   

 To investigate the sub-nuclear structure that excluded MRF expression 

inside the nucleus, I turned to correlative fluorescence 3D FIB-SEM. I first 

stained C2C12 cells with DAPI and anti-Myogenin antibody and imaged the 

cells in a widefield fluorescence microscope (Figure 3.2 M-N). Next, I prepared 

the samples for EM and imaged the same cells observed in fluorescence 

microscopy but this time in 3D FIB-SEM. EM images revealed the “zones of 

exclusion” observed in fluorescence microscopy correlate with the electron 

dense features in the nucleus, known as nucleoli (Figure 3.2 O) (409–411). 

Although the nucleoli are not bound by membrane, it is evident from these 

images that these structures are compartmentalized in distinct physical space  
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Figure 3.2 Correlative fluorescence FIB-SEM imaging of myogenic 
regulatory factors show “zones of exclusion.” Super resolution structured 
illumination microscopy images (A-L), widefield fluorescence microscopy 
images (M-N), and FIB-SEM images (O) of C2C12 mouse muscle cells. 
Nuclei of myoblasts were stained with DAPI (A), Myogenin (B), and MyoD 
(C). Nuclei of myotubes were stained with DAPI (D, G, J, M), Myogenin (E, 
H, K, N), Myf5 (F), MyoD (I), H2K9me2 (L). Panels A-O scale bars: 10 µm.      



 98 

 with DNA localizing in spherical densities around the perimeter while MRFs are 

entirely excluded from these regions.  

3.4 HPF-QS preserves structural features of cells in 3D FIB-SEM 

 To explore the extent to which the changes in gene expression profile 

are paralleled by specific, interpretable changes in cellular structures, I applied 

3D FIB-SEM. Preparation of the delicately thin cells for EM required a technique 

that could preserve the fragile organelles and minimize the introduction of 

fixation artifacts. Phase contrast (Figure 3.3 A) and differential interference 

contrast (DIC) (Figure 3.3 B) show the skeletal muscle cells are adherent with a 

single nucleus residing in the center of the cell membrane in a myoblast or a 

satellite cell (Figure 3.3 B) or a string of nuclei in a fused myotube (Figure 3.3 

A). The nucleus appears to be a relatively smooth and a raised and prominent 

feature of the cell (Figure 3.3 B).  

 I experimented with a few methods to prepare these cells for EM. In the 

first method, I detached cells from the culture dish and stained them using 

pelleted conventional chemical fixation techniques. EM images of pelleted, 

chemically fixed cells (Figure 3.3 C-D) reveal high contrast subcellular 

structures, including nuclei, mitochondria, lysosomes, Golgi apparatus, and 

endoplasmic reticulum. However, these structures were distorted by the 

detachment and pelleting steps, causing the features to appear wrapped around 

a central focal point. To overcome this distortion, I applied an in situ chemical 

fixation technique, which preserved the linear formation of the string of nuclei 

inside the myotube (Figure 3.3 E), similar to those observed in light microscopy 

(Figure 3.3 A). Euchromatin and heterochromatin appeared as low and high 

density regions inside the nucleus, respectively. Nucleoli were observed as dark 

spherical densities inside the nuclei. Cell membrane and nuclear membrane 
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were well defined but the nuclei appeared to be divided into small sections in 

individual 2D images, suggesting that the structures contained membrane folds. 

I hypothesized that the nuclear ruffles could be artifacts introduced by the 

chemical fixation technique, which uses formaldehyde and gluteraldehyde. 

Aldehydes are known to cause cellular structures, especially nuclei, to oscillate 

between swelling and shrinking within minutes during fixation (412, 413). 

  

Figure 3.3 Widefield microscopy (A) of C2C12 myotubes shows long skeletal 
muscle fibers with multiple nuclei (arrows) inside the tubular membrane 
structures. A DIC image (B) of C2C12 cells shows adherent cells contain 
prominent protruded nuclei. SEM images of C2C12 cells prepared by 
chemical fixation of pelleted cells (C-D) and by chemical fixation of in situ 
cells (E). Panel A scale bar: 20 µm, B and E: 10 µm, C-D: 2 µm.   
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 To avoid aldehyde artifacts, I prepared the samples using HPF-QS as 

introduced by Kent McDonald (379, 380, 414). As described above, 

conventional chemical fixation techniques revealed nuclei with many folds 

delineated by high contrast nuclear membrane (Figure 3.4 A). However, HPF-

QS revealed smooth nuclei with enhanced contrast in the sub-nuclear features, 

particularly chromatin and the nucleolus (Figure 3.4 B). 3D reconstruction of the 

nuclear structure using stacks of FIB-SEM images showed that the chemically 

fixed nuclei (Figure 3.4 C-E) had significantly more folds than the HPF-QS 

prepared nuclei (Figure 3.4 F-H). 

 

Figure 3.4 SEM images of C2C12 myotubes prepared by chemical fixation 
of in situ cells (A) and by HPF-QS of in situ cells (B). Reconstructed 3D FIB-
SEM images of nuclei inside C2C12 myotubes prepared by chemical fixation 
(C-E) and HPF-QS (F-H) of in situ cells. Panels A-B scale bars: 2 µm. 
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 To analyze the extent of the nuclear folds, I created an algorithm to 

automatically fill in the concavity created by the membrane indentation (Figure 

3.5 A-D), and quantified the volume of the concavity. Visually, the nuclei 

prepared by chemical fixation appeared to have more concavity than the nuclei  

prepared by HPF-QS (Figure 3.5 A vs C). This observation was confirmed by 

the auto-filled colored regions that highlight the concave regions (Figure 3.5 B 

vs D). Although the volumes of the nuclei were similar (Figure 3.5 E), the 

volume of nuclear concavities in HPF-QS nuclei were significantly lower than 

those of the chemically fixed samples (Figure 3.5 F), suggesting that HPF-QS 

introduced fewer structural artifacts than conventional in situ EM sample 

preparation technique. The 3D reconstructions of the nuclei also recapitulate 

the smooth nuclear features previously observed in light and DIC microscopy 

image (Figure 3.3 A-B). Based on quantitative and qualitative analysis, I 

concluded that for the analysis of subcellular structure in 3D FIB-SEM, HPF-QS 

is a reliable technique to preserve the integrity of the native cell structure.  

 Of note, these structural artifacts described might be exaggerated due to 

the fragility and thinness of the skeletal muscle cells analyzed here. In other 

cases, chemical fixation techniques might not introduce such dramatic effects 

and can be applied to detect membrane-bound structures with high contrast 

fidelity. The choice of either technique should be based on the final application, 

weighing both the requirements for structural preservation with imaging 

contrast.  
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Figure 3.5 Reconstructed 3D FIB-SEM images of nuclei inside C2C12 
myotubes prepared by chemical fixation (A-B) and HPF-QS (C-D) of in situ 
cells. Volumes of nuclei concavity are colorized to show the extent of 
membrane folding (B, D). Graphs compare the volumes of nucleus (E) and 
the volumes of nucleus concavity (F) of nuclei inside C2C12 myotubes as 
prepared by chemical fixation and HPF-QS. Data from 7-9 chemically fixed 
nuclei and 6 HPF-QS nuclei with SD error bars. Mann Whitney unpaired non-
parametric t-test, *p < 0.1. 
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3.5 Structural changes occur during muscle cell differentiation  

 After having established a reliable sample preparation technique, I 

explored the nuclear architecture of myoblasts and myotubes using HPF-QS 

sample preparation and 3D FIB-SEM. EM images revealed distinct, high 

contrast features in the nuclei of the cell, including heterochromatin, 

euchromatin, and nucleoli (Figure 3.6 A). Heterochromatin was observed as 

electron dense amorphous clusters found in the periphery of the nucleus and 

the nucleolus and dotted throughout the nucleus, whereas euchromatin was 

distributed throughout the nuclear space. Nucleoli were observed as spherical 

or ellipsoid, semi-electron dense structures with heterogeneous sizes inside the 

nucleus.  

 Magnified images of the nucleolus (Figure 3.6 C) reveal nucleolar 

components associated with rRNA and ribosome biogenesis, including fibrillar 

centers (f), dense fibrillar component (d), and granular component (g), as 

identified by (409, 415, 416). Chromatin and nucleolar components were 

automatically selected using a threshold algorithm in Slicer 3Dsoftware (Figure 

3.6 B, D). Reconstructions of 3D FIB-SEM images of the nuclei reveal multiple 

nucleoli with regions of compact heterochromatin and distributed euchromatin 

(Figure 3.6 E). Quantitative analysis of the volumes occupied by the 

heterochromatin, euchromatin, and nucleoli inside the nuclei reveal that 

compared to myoblast nuclei, myotube nuclei have smaller sub-nuclear 

chromatin volumes (Figure 3.7 A). However, as a percentage of the total 

nuclear volume, myotube nuclei have similar percentages of euchromatin and 

heterochromatin and a third of the percentage of nucleoli compared to myoblast 

nuclei (Figure 3.7 B). 
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Figure 3.6 A FIB-SEM image side view (A) and top view (B) of a HPF-QS 
prepared specimen showing a nucleus inside a C2C12 myoblast reveals the 
nucleolus (N), euchromatin (E), and heterochromatin (H). A magnified FIB-
SEM image (C) reveals the components inside the nucleolus, including 
fibrillar centers (f), dense fibrillar component (d), and granular component 
(g).  The artificially colored image (D) resulting from automatic 
segmentations of the nuclear components from (A-B) reveals nucleoli (pink), 
heterochromatin (navy blue), euchromatin (sky blue), and fibrillar centers 
(green). A reconstructed 3D FIB-SEM image (D) of a nucleus inside a 
C2C12 cell shows the organization of the nuclear components including 
nucleoli (pink), heterochromatin (navy blue), and euchromatin (sky blue). 
Panels A and C scale bars: 1 µm, B and D: 2 µm. 
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 As the myoblasts differentiated, the cells fused together into elongated 

myotubes with multiple nuclei. 3D reconstructions of FIB-SEM images showed 

that the nuclei of myotubes (Figure 3.8 C-D) are longer than the nuclei of 

myoblasts (Figure 3.8 A-B). Using reconstructed 3D FIB-SEM models, I 

generated a quantitative analysis that showed that the myotube nuclei are 

slightly elongated in the x direction, significantly flattened in the y direction, and 

remained relatively unchanged in the z direction (Figure 3.8 E) compared to 

myoblast nuclei. Thus, along with the ultra-structural changes in the whole cell 

architecture, the nuclei also elongate and flatten most likely to conform to the 

cylindrical structures of the muscle fibers.   

Figure 3.7 Graphs compare the volume (E) and percent (F) of nuclear 
components inside the nuclei of C2C12 myoblasts and myotubes. Data 
from 3 nuclei from myoblasts and 3 nuclei from myotubes with 1 SD error 
bars. Mann Whitney unpaired non-parametric t-test, *p < 0.1. 
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 Outside the nucleus, 3D FIB-SEM can clearly resolve the structures of 

cytoplasmic organelles. One organelle that plays a central role in supporting 

cellular processes is the mitochondrion, which can be clearly identified in EM 

based on the morphology, electron density, and presence of cristae. 

Mitochondria of myoblasts (Figure 3.9 A-B) had round morphology while 

mitochondria of myotubes had elongated morphology (Figure 3.9 C).  

 Reconstructions of 3D FIB-SEM images reveal spherical mitochondria in 

myoblasts (Figure 3.9 D) and tubular mitochondria in myotubes (Figure 3.9 E). 

Figure 3.8 Reconstructed 3D FIB-SEM image of a HPF-QS prepared specimen 
showing a nucleus inside a C2C12 myoblast (A-B) and myotube (C-D); top view 
(A, C), side view (B, D). The punctate dots on the nuclear membranes 
represent NPC. The graphs compare the dimensional changes in x, y, z 
coordinates between myoblasts and myotubes (E). Data from 3 nuclei from 
myoblasts and 6 nuclei from myotubes with 1 SD error bars. Mann Whitney 
unpaired non-parametric t-test, *p < 0.1. 
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Even though the mitochondria of both myoblasts and myotubes have similar 

volumes (Figure 3.9 F), the myotube mitochondria are longer in the x direction 

and similar size in the y and z dimensions compared to the myoblast 

mitochondria. This evidence suggests that along with cell membrane fusion, the 

individual mitochondria may fuse together into long tubular structures to provide 

energy for the longer and more complex cells.  

  

 Magnified FIB-SEM images of the cell nuclei show the electron dense 

heterochromatin along the nuclear periphery contains many spherical low 

density voids with diameters of ~130-155 nm, indicative of NPC, (Figure 3.10 A) 

Figure 3.9 FIB-SEM images of a HPF-QS prepared specimen showing 
mitochondria of C2C12 cells (A-C). Re-constructed 3D FIB-SEM images of 
mitochondria inside a C2C12 myoblast (D) and a myotube (E). Graphs compare 
the volumes of mitochondria (F) and mitochondrial dimensions x, y, z, (G) inside 
a C2C12 myoblast and a myotube. Data from 17 mitochondria from a myoblast 
and 16 mitochondria from a myotube with 1 SD error bars. Mann Whitney 
unpaired non-parametric t-test, *p < 0.1.Scale bars: 500 nm 
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as supported by (329). Automatic segmentation and reconstruction of the NPC 

provides a map of the distribution of the NPC, which shows that NPC were 

organized in clusters distributed randomly throughout the nuclear membrane.  

 Quantitative analysis showed that although the surface area (Figure 3.10 

A), volume (Figure 3.10 B), and NPC number (Figure 3.10 C) of the myotube 

nuclei are approximately half of myoblast nuclei, the number of NPC per surface 

area unit remained similar (Figure 3.10 F). The conserved NPC density 

suggests that the distances and arrangements between NPC play a critical role 

in their structure and function. Despite dramatic changes in the nuclear 

membrane morphology, the NPC density remains similar.  

 

Figure 3.10 FIB-SEM image (A) of a HPF-QS prepared specimen showing a 
nucleus inside a C2C12 cell. NPC (white dots, arrow) were evenly distributed 
along the heterochromatin (black) that border the perimeter of the nucleus. 
Reconstructed 3D FIB-SEM image (B) of panel (A) shows the NPC inside a 
C2C12 nucleus. Graphs compare the surface area of the nucleus (A), volume of 
the nucleus (B), NPC count (C), and number of NPC per surface area (μm2) (D) 
inside C2C12 myoblasts and myotubes. Data from 3 nuclei in myoblasts and 3 
nuclei in myotubes with 1 SD error bar. Mann Whitney unpaired non-parametric 
t-test, *p < 0.1. Panel A scale bar: 2 µm. 
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3.6 Discussion 

 Correlative super-resolution immunofluorescence microscopy using SIM 

and 3D FIB-SEM are powerful imaging tools that provide detailed information 

about cellular phenotype and structural morphology (102, 346, 378, 417). Here, 

I applied these techniques to explore the characteristics associated with the 

differentiation of the skeletal muscle cell pathway. Knowledge of both the 

genetic and structural changes that occur in a model system provides a basis 

for understanding cellular development and establishes a baseline for future 

comparisons of these mechanisms in healthy cells with those of diseased cells.  

 In this study, correlative 3D FIB-SEM shows that progenitor skeletal 

muscle cells, myoblasts, elongated the nuclei during the differentiation process. 

The changes in nuclear morphology support the parallel alignment and 

subsequent fusion of cells to form long striated myotubes. Although the nuclear 

length increased, the nuclear volume, nuclear surface area, and nucleolar 

volume decreased at the later stage of the differentiation process. The reduction 

in size of the nuclei and nucleoli suggest a down-regulation in the cell 

proliferative activity, typical of cells undergoing terminal differentiation and 

settling into cell growth arrest (418). Additionally, the reduction in nucleolar 

volume reduced the “zones of exclusion,” providing more physical space for the 

expression of myogenic regulatory factors inside the nuclei. Increased levels of 

MRF expression induces terminal differentiation and myogenesis (396–406). 

 In contrast, the sizes of nuclei and nucleoli significantly enlarge in 

dividing cells (419) and cancer cells (420–422), which correlates with increased 

rates of cellular proliferation and the up-regulation of rRNA synthesis and 

ribosome biogenesis (420–424).  Enlarged nuclear components and increased 

ribosome production have been directly linked to the expression of mutated 
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tumor suppressor genes pRb and p53, which promote uncontrollable growth of 

cancerous cells (422). Thus, characterizing the sizes and shapes of the cell 

nuclei and nucleoli can provide insight in the cellular proliferation status. These 

variables could be used as diagnostic markers to identify potentially cancerous 

cells.  

 The nuclear membrane of normal skeletal muscle cell remains smooth 

throughout the differentiation process whereas cancer cells can be detected 

based on their irregular nuclear contours (424). The concavity volume 

measurement, used in Figure 3.5, could therefore be applied as a metric to 

differentiate between the smooth ultrastructure of normal cells versus the 

uneven contour of cancer cells.  

 Although the size and shape of the nucleus changed during the 

differentiation process, NPC remained in tight clusters that were distributed 

across the nuclear membrane, as observed previously in yeast cells (425), 

which suggests that the locations of NPC are important to cellular functions.  

The density of NPC over the nuclear surface unit area also remained constant 

across multiple nuclei from both myoblasts and myotubes. This evidence 

suggests that the muscle cells maintain similar rates of nuclear transport 

despite dramatic cellular morphology changes. The number and density of NPC 

have been linked to cellular activity during the cell cycle, with the highest 

density occurring during interphase (425). In fact, it has been shown that 

proliferating cells have a higher rate of nuclear transport than quiescent cells 

(426) and that NPC play an important role in gene regulation and cellular 

proliferation (391, 392, 425, 427, 428). It is likely that the density of NPC 

fluctuates during the cell cycle process to support cell division but settles down 
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after terminal differentiation and cell growth arrest. Monitoring the number and 

densities of NPC can provide insights into the activity of the cells. 

 Like the cell nuclei, the mitochondria also elongate in the late stage of 

differentiation, which provides energy and supports the overall tubular structure 

of the muscle fibers. Mitochondrial elongation most likely occurs through the 

fusion of multiple mitochondria suggested by the similar y and z dimensions of 

the mitochondria found in both myoblasts and myotubes but significantly longer 

x dimension in myotube mitochondria. Indeed, it has been reported that 

mitochondrial fusion is required for maintaining mitochondrial DNA stability in 

skeletal muscle cells because it helps reduce stress and prevents excess DNA 

mutation  (429, 430).  

 Despite the increase in length, the mitochondrial volume remains similar. 

In contrast, the mitochondria of cells undergoing necrosis (431) or containing 

mitochondrial DNA mutations (429) are enlarged in the form of “giant 

mitochondria”. Similarly, mitochondria in cancer cells are significantly bigger, 

which protects the cancerous cells from apoptosis signals and promotes tumor 

growth (432). Characterizing the size and morphology of mitochondria in cells 

can lead to knowledge about the cell health status and function. 

 Taken together, I present multilevel metrics that could be automatically 

computed to quantitatively characterize the structural morphology of whole cells 

and their subcellular features. These metrics can be applied as variables in 

cancer diagnostics and characterization of cell development in stem cell 

studies. 

 Along with biological these insights, I present technical advances in the 

field of microscopy. Super-resolution SIM revealed the expression of cell 

regulatory factors which control the fate of the cell, in great detail. HPF-QS 
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techniques preserve the structure of the cell boundary and interior features with 

high fidelity while 3D FIB-SEM reveals cellular morphology at a resolution an 

order of magnitude higher than that available in light microscopy.  

 In particular, this combination of imaging technology enables quick and 

autonomous quantification of the number, size, morphological characteristics, 

and density of cellular organelles, such as nucleolus, NPC and mitochondria. In 

addition, these features are placed in context with other sub-cellular 

components and the entire cell as a whole. High resolution imaging can also 

map the patterns of heterochromatin and euchromatin and other DNA structures 

inside the nucleus that are responsible for regulating the fate of the cell. Further 

advances in correlative 3D FIB-SEM that significantly increase data throughput 

and reduce cost will enable this technology to become a regular diagnostic and 

characterization tool used to study various biological fields from stem cells, 

cancer and aging, to infectious diseases. 
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4 HIV-1 transfer from macrophages to astrocytes 

4.1 Introduction 

Within the first few days of infection, HIV-1 virions can rapidly migrate into 

the brain parenchyma (433), leading to HIV-1-associated neurological 

complications, including HIV-1-associated dementia, and in some cases death. 

Microglia and perivascular MDM are the main cell types that become 

productively infected (80, 246, 271). Resident microglia and perivascular MDM 

produce viral proteins, chemotactic signals, and inflammatory cytokines that 

recruit circulating MDM and T cells into the brain during neuroinflammation 

(434, 435). Some of these infiltrating MDM and T cells are productively infected 

with HIV-1; thus, their transmigration into the brain parenchyma contributes to 

an increase in the CNS viral load (80, 434). Once these immune cells cross the 

BBB, the first cell type that they encounter are astrocytes, which wrap their 

endfeet around the blood vessels to modulate the BBB permeability and 

maintain tissue homeostasis (436, 437). The frequent interactions between 

astrocytes and infected or virus-bearing cells make the astrocytes highly 

vulnerable to HIV-1 exposure. Since astrocytes are the most abundant cells in 

the brain (438), HIV-1 infection in astrocytes in vivo (173) poses a major 

challenge in eliminating virus from the CNS. 

Unlike microglia and MDM, astrocytes have been described as harboring a 

restricted or latent infection because they do not actively produce virions, but 

HIV-1 has been detected in astrocytes both in vivo and in vitro (271, 311, 439) 

(Section 1.7). In vitro data show that stimulation of HIV-1 transfected  astrocytes 

with cytokines induced transitory releases of virions, and contact with uninfected 

T cells enabled virion transfer (287, 296, 299). However, these cells were 
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transfected with an infectious viral genome to bypass entry barriers. It is 

therefore possible that viral production in astrocytes may not occur naturally.  

I hypothesized that HIV-1 could be transmitted to uninfected astrocytes by 

cell to cell contact with infected MDM and T cells, a mechanism which is more 

efficient than cell free entry (94, 440). Characterizing the cell-cell interactions at 

the contact junction between immune cells and astrocytes is therefore of 

interest for understanding potential mechanisms of HIV-1 dissemination and its 

interruption. In the following chapters, I analyze the interactions between HIV-1 

infected MDM (Chapter 4) and T cells (Chapter 5) and uninfected target 

astrocytes. I also explore the permissivity of primary HFA to HIV-1 infection, and 

the ability of astrocytes to transfer virions to uninfected permissive cells.  

4.2 No evidence of productive infection of astrocytes by free HIV-1 

HIV-1 primarily infects cells by binding the CD4 receptor and a chemokine 

co-receptor, mainly CXCR4 or CCR5 (441, 442). However, astrocytes have very 

low or no CD4 and CXCR4 or CCR5 expression. The absence of HIV-1 

receptors on astrocytes raises questions about the infectivity of astrocytes, 

since it is unclear how HIV-1 would fuse with the target cell membrane to enter 

the cell in a productive manner. It has been suggested that HIV-1 entry may 

occur through receptor-independent mechanisms, detected by p24 ELISA, viral 

RNA and DNA by PCR, and microscopy  (284, 287, 299, 443). As described 

above, transfection of astrocytes or inoculation with pseudo-typed viruses 

resulted in the production of p24 antigens, suggesting that there are no obvious 

blocks to viral replication once the virus genome has successfully entered the 

cell (296, 310).  

To determine whether astrocytes can become infected with HIV-1 by the 

free mode (Figure 4.1), I incubated HFA and TZM-bl overnight with 10-3-100 
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MOI reporter viruses containing LucR, controlled by the HIV-1 promoter, and 

expressing various HIV-1 Envs: Bal-LucR (CCR5-tropic), YU2-LucR (CCR5-

tropic) or NL4.3-LucR (CXCR4-tropic). Cells that transcribe these viral genomes 

also transcribe the luciferase gene and produce luciferase enzyme. At the 

appropriate time points, the cells were lysed and  Renilla luciferin substrate 

added. The luciferase enzymes produced by the cell catalyze the oxidation of 

luciferin, which releases excess energy by emitting light. The luminescent signal 

is proportional to the steady state mRNA level; thus, the cell transcriptional 

activity of the HIV-1 genome can be accurately measured by the released light 

(360).  

One day post infection, I washed the cells and added 10 µM of AZT (444), 

an NRTI used for the treatment of HIV/AIDS. On days 2, 4, 7, 9, 11 post-

infection, I removed the supernatant to measure p24 antigen by capture ELISA 

assay and lysed the cells to measure R-RLU. As a positive control, I performed 

the same experiment in parallel with TZM-bl (353, 361).  

HFA expressed no statistically significant R-RLU signal above background 

level at any time point tested, implying a lack of productive infection. 

Additionally, the levels of p24 antigen released into the supernatant from the 

HFA were similarly low in both untreated and AZT-treated cells, and decreased 

rapidly after T = 0, suggesting that they were unlikely to represent productive 

HFA infection but rather release of adsorbed and/or internalized virions. In 

contrast, the p24 levels in TZM-bl cultures remained relatively constant with the 

p24 level in NL4.3-LucR samples decreasing after day 7 post-infection. The 

addition of AZT reduced the R-RLU and p24 level in TZM-bl cultures compared 

to untreated-AZT cultures, indicating that AZT inhibited productive HIV-1  
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infection in TZM-bl but not HFA. Together these results support the hypothesis 

that astrocytes do not become productively infected with either X4 or R5 HIV-1 

through free mechanisms. 

 

4.3 Astrocytes can transfer virus to neighboring cells 

Although the viral genome was not obviously transcribed in HFA exposed 

to free HIV-1, virions bound to the astrocyte surface and/or internalized into a 

recycling internal compartment could still be transferred to neighboring cells, as 

suggested previously in DC-T cells (296, 299, 374, 445, 446). To test this 

hypothesis, I incubated HFA overnight with Bal-LucR, YU2-LucR, and NL4.3-

LucR at 10-3-100 MOI. Next day, I washed the cells carefully and on days 2, 4, 

7, 9, 11 post infection, I added primary human T cells. I co-cultured the HFA 

Figure 4.1 Cell free HIV-1 infection of HFA and TZM-bl cells. HFA (A, C) and 
TZM-bl (B, D) were incubated with Bal-LucR, YU2-LucR, and NL4.3-LucR 
viruses overnight. Next day, all wells were washed and AZT was added at 10 
μM to +AZT wells. On day 2, 4, 7, 9, 11 post infection, R-RLU signal was 
measured from lysed cells (A, B) and viral p24 proteins was measured from 
the supernatant (C, D). Data from 4 experiments performed in triplicate with 
mean ± 1 standard deviation (SD). 



 117 

and T cells for 3 additional days and then transferred the non-adherent T cells 

to another plate, lysed, and measured R-RLU. As a positive control for viral 

infection I performed the experiment in parallel with primary human MDM from 

two donors, and to control for virus adsorbing directly to the tissue culture wells, 

I used empty wells treated the same way as those containing HFA or MDM 

(Figure 4.2 C-E). Flow cytometry confirmed that the T cells removed by washing 

were ~94-99% CD3+, indicating a high level of T cell purity with negligible 

contamination by the adherent cell types (Figure 4.2 A-B).  The background 

values detected in the empty wells incubated with virus and then washed were 

consistently below 101 RLU, and this was then used as the cutoff for 

background signal.  

 T cells cultured with MDM maintained a high level of R-RLU expression 

over the entire experimental period, while T cells cultured with HFA expressed 

similarly high level of R-RLU expression over the first 2 days but then 

decreased, with the different viruses showing different kinetics of decay. YU2-

LucR samples rapidly declined to background levels (<101) at day 4, whereas 

Bal-LucR samples persisted until day 11 and NL4.3-LucR beyond day 11. 

NL4.3-LucR virus was most efficiently transferred by both MDM and HFA 

cultures to T cells, a finding which agrees with previous reports of CXCR4 T cell 

tropism (441). MDM are generally not productively infected with NL4.3 viruses, 

therefore, the transfer of viruses in NL4.3-LucR MDM-T cell co-culture, and 

possibly in other co-cultures, might be due to trans-infection of T cells by virus 

captured and archived by MDM (42, 47, 90, 445).  

I repeated the experiment, but this time instead of adding T cells on days 

2, 4, 7, 9, 11, I added TZM-bl. Because TZM-bl is stably transfected with the 

Firefly luciferase reporter gene (351, 352), for these experiments, I maintained 
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the indicator cells in the co-culture after 3 days of incubation, washed the wells 

carefully, lysed the cells, and measured the F-RLU. Measurement of F-RLU 

detected viral genome transcription only inside infected TZM-bl and not 

associated with HFA or MDM. F-RLU levels of TZM-bl remained consistently 

high in MDM cultures and started high but decreased rapidly to insignificant 

levels at day 4 in astrocyte cultures (Figure 4.2 F-G). Interestingly, the YU2-

LucR virus that gave the weakest signal in the T cell transfer assay (Figure 4.2 

C-D) resulted in the highest signal in the TZM-bl transfer assay (Figure 4.2 F-

G); this difference is most likely due to cell type-specific viral tropism. 

 I repeated this experiment with 4 other HIV-1 isolates that were green 

fluorescence protein (GFP) or mCherry-tagged, both to assess the transfer 

infectivity of some other viral strains (eg. JRFL and CHO77) and to evaluate the 

infectivity of fluorescence protein- tagged viruses that I would use in later 

imaging experiments, I used JRFL Gag-iGFP from Phillipe Benaroch (P.B.), 

JRFL Gag-iGFP from Ben Chen (B.C.), JRFL, and CHO77 mCherry (Figure 4.2 

H-I). JRFL virus was isolated from the front lobe (F.L.) of an HIV-1-infected 

patient (named J.R.) (447). HIV-1 JRFL Gag -iGFP is an NL4.3 based HIV-1 

IMC with the GFP inserted into gag gene between MA and CA and contains the 

JRFL sequence. The V3-loop V92th014.12 was inserted instead of the NL4.3 to 

make the IMC CCR5-tropic (448). Two variations exist, one from B.C. (449, 

450)  and the other from P.B (448) that has been passaged in MDM culture to 

increase macrophage tropism; these clones are expected to have slightly 

different infectivity. CH077 is a CCR5-tropic transmitted/founder virus strain 

(51).  
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Figure 4.2 Transfer of HIV-1 from HFA and MDM to T cells and TZM-bl. MDM 
from 2 donors (D), HFA (E) and empty wells (C) were incubated with Bal-LucR, 
YU2-LucR, and NL4.3-LucR viruses overnight. The next day, cells were 
washed. T cells were added at day 2, 4, 7, 9, 11 post-infection and allowed to 
remain in the co-culture for 3 days. T cells were removed from co-culture, lysed, 
and R-RLU was measured. Data from 4 experiments performed in triplicate with 
mean ± 1 SD. Flow cytometry shows that T cells harvested from HFA (A) and 
MDM (B) co-cultures contain >94-99% CD4+ T cells. The experiment was 
repeated by overlaying MDM or HFA exposed to Bal-LucR, YU2-LucR, NL4.3-
LucR (F-G), Gag JRFL-iGFP from P. B., Gag JRFL-iGFP from B. C., JRFL, 
CHO77 mCherry with TZM-bl (H-I). TZM-bl were lysed within the co-culture F-
RLU were measured. Data from 2 experiments performed in triplicate with mean 
± 1 SD. 
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 TZM-bl in both MDM and HFA cultures exposed to transmitted/founder 

virus CHO77had the highest F-RLU signal. F-RLU signals in MDM cultures 

were higher than those in HFA cultures by a factor of ~10. TZM-bl in the MDM 

cultures had high levels (0.5-1.0 x 106) of F-RLU and showed increasing levels 

over time, while the TZM-bl in the astrocyte cultures had high levels (1.0-

5.0x105) of F-RLU initially that decreased rapidly over time. Although in the long 

term astrocytes were not as effective as MDM at transferring virions to 

neighboring cells, in the first few days after exposure to HIV-1, astrocytes 

effectively transferred virions to reporter cells. These data are consistent with 

MDM becoming productively infected with R5 HIV-1 and transferring virus over 

extended periods to permissive cells, and capturing and archiving X4 virus for 

transmission in trans, whereas astrocytes appear resistant to productive 

infection by all viruses but archive virus for short term transfer in trans to 

permissive cells.  

The fact that astrocytes transferred virions to another cells without 

apparently being productively infected suggests that the virions were bound to 

the surface of the cell and/or actively taken up into a compartment that might be 

surface-connected as has been described for DC and MDM (42, 47, 90, 366, 

445). The addition of proteases has previously been shown to reduce or 

eliminate the infectivity of surface-bound but not internalized HIV-1 (46, 364, 

366, 451), and similarly Nabs inhibit surface HIV-1 infectivity but not the 

infectivity of viruses within intracellular compartments (197, 198, 452, 453).   

To test this hypothesis, I incubated HFA overnight with Bal-LucR, YU2-

LucR, and NL4.3-LucR at 10-3-100 MOI. The next day, the cells were incubated 

with 0.25% (2.5 mg/mL) trypsin-EDTA  for 5 minutes (46, 364, 451), or 200 

µg/mL pronase for 30 minutes at 4ºC (364, 366), or a cocktail of  bNabs (10E8, 
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PGT121, VRC01) at 10 µg/mL per antibody for 1 hour at 37ºC (Figure 4.3). I 

chose the trypsin concentration based on the highest trypsin concentration used 

in previous studies (46, 364, 451). I chose the pronase concentration that could 

prevent virion transfer of >90% of DC reported in (366). I chose these 3 bNabs 

because they target multiple epitopes on the Env trimer: 10E8 targets MPER on 

gp41, PGT121 targets a glycopeptide epitope associated with the V3 loop, 

VCR01 targets CD4 binding site (Figure 1.11) and all have been shown to 

neutralize ~70-98% of viral strains with in vivo sterilizing immunity observed at 

serum concentrations <10 µg/mL (197, 198, 452, 453). HFA were carefully 

washed and on days 2, 4, 7, 9, 11 post-infection, TZM-bl were added. The TZM-

bl were co-cultured for 3 additional days, then lysed and analyzed for F-RLU 

signal. As a positive control, I performed the same experiment in parallel with 

MDM. 

My data show that TZM-bl incubated with HFA exposed to virus without 

inhibitors expressed high F-RLU levels after 2 days post infection which 

decreased rapidly by day 4. Adding trypsin, pronase or bNabs into the HFA 

culture followed by washing and addition of TZM-bl resulted in insignificant 

levels of F-RLU expression. By contrast, in MDM cultures, the addition of 

trypsin, pronase, or bNabs only partially reduced the F-RLU expression in a 

virus-dependent manner, showing that MDM continued to transfer viruses to 

TZM-bl. These viruses may originate from de novo production and/or from 

inaccessible intracellular compartments. Because MDM do not typically become 

productively infected with non-macrophage tropic X4 NL4.3-LucR virus, the F-

RLU signal in TZM-bl cultured with NL4.3-LucR-exposed MDM is likely to be 

primarily due to virions trapped within enzyme and bNAb-inaccessible 

compartments and later released to the target cells. These results support the 
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model that HFA do not become infected after exposure to virus and do not take 

up virions into inaccessible intracellular compartments.   

 

Figure 4.3 Viruses adhere to the surface of HFA. MDM from 2 donors (A, C, E) 
and HFA (B, D, F) were incubated with Bal-LucR, YU2-LucR, and NL4.3-LucR 
viruses overnight. Next day, cells were washed and incubated with 0.25% 
Trysin for 5 minutes, or 10 µg/mL neutralizing antibody cocktail (10E8, PGT121, 
VRC01) for 1 hour at 37ºC, or 200 µg/mL pronase for 30 minutes at 4ºC. Cells 
were washed and TZM-bl were added on days 2, 4, 7, 9, 11 and co-cultured for 
3 days, then F-RLU was measured. Data from 2 experiments performed in 
triplicate with mean ± 1 SD. 
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4.4 Transfer of virus from astrocytes can be blocked 

If HFA capture virus and transfer it to neighboring cells, then blocking  

HIV-1 attachment to the astrocyte plasma membrane may prevent HIV-1 

onward transmission. To test this, I pre-incubated HFA with a selection of 

inhibitors designed to interfere with virus binding to cell surface receptors (10 

µM PRO 2000 (454–459) or 10 mM mannan (371) or 10 µg/mL anti-ICAM-1 

antibody (36, 48, 460) or 5 mM EDTA (373)), or to prevent cell surface receptor 

clustering by preventing cytoskeletal remodeling (5 µM jasplakinolide (96, 103)), 

or to enzymatically remove cell surface receptors prior to virus binding (200 

µg/mL pronase at 4ºC for 90 minutes or 0.25%, or trypsin at 37ºC for 5 

minutes).  

 PRO 2000 is a negatively charged polyanion used as the principal active 

ingredient in a microbicide to prevent HIV-1 infection (367, 368).  The polymer 

may interact electrostatically with positively charged regions on HIV-1 NL4.3 

virions (53, 461–464) and analogous regions on the R5 viruses, preventing viral 

attachment to negatively charged structures on the astrocyte membrane. The 

PRO 2000 concentration selected was based on (465), which shows that the 

usage of PRO 2000 at >10 µM reduced cell viability; here I used the highest 

concentration (10 µM)  that still preserved >90% cell viability.  

 The mannan concentration selected was based on (371), which shows 

that the addition of mannan blocked HIV-1 binding to MDM and subsequent 

transfer to T cells. Mannan binds to the same carbohydrate recognition domains 

as gp120 on the mannose receptor and competitively interfere with virion 

attachment to receptor-expressing cells such as MDM (371).  

 The EDTA concentration was based on (373), which show that EDTA 

prevented virion binding to erythrocytes. EDTA was also shown to inhibit HIV-1 
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binding to MDM mediated by mannose receptor, as it is a calcium chelator and 

will prevent Env interaction with all calcium-requiring c-type lectins (371).   

 Anti-ICAM1 blocks the interaction between LFA-1 and ICAM-1 that 

stabilizes VS interactions, such as that between DC, CD4+ T cells, and MDM 

(36, 48, 460). The anti-ICAM-1 concentration selected was based on (460), 

which shows that ICAM-1 impaired HIV-1 transmission from DC to T cells. 

 Jasplakinolide stabilizes actin, which has been shown to play a role in 

mediating cytoskeletal restructuring of VS that enhances HIV-1 transfer 

between T cells (96, 103). I used a slightly higher concentration 5 µM instead of 

1 µM used in (96, 103) to ensure complete stabilization of the cytoskeleton of 

MDM and HFA. Visual inspection revealed cells with smaller and rounder 

morphology, indicating slight detachment from the tissue culture. 

HFA were incubated with Bal-LucR, YU2-LucR, and NL4.3-LucR viruses 

at 10-3-100 MOI for 4 hours. Cells were washed carefully and TZM bl cells were 

added. Three days after co-culture F-RLU was measured (Figure 4.4 A-C). 

None of the inhibitors significantly affected the uptake and transfer of infectivity 

of the two R5 viruses from HFA to TZM-bl. By contrast, PRO 2000 had the most 

substantial inhibitory effect on TZM-bl cultured with HFA exposed to NL4.3-

LucR, and EDTA, jasplakinolide and pronase all had lower but still significant 

inhibitory activity. To investigate this further I carried out a titration of PRO 2000 

from 0-100 µM; at higher concentrations, PRO 2000 abrogated the infection of 

TZM-bl in all three HIV-1 isolates (Figure 4.4 D). PRO 2000 had no effect on 

YU2-LucR and Bal-LucR but resulted in >50% inhibition on NL4.3-LucR at <10 

µM most likely because X4 viruses have higher positive charge than R5 viruses 

(462, 463), therefore, it would take less amount of PRO 2000 to competitively  

bind to HIV-1 and prevent subsequent viral attachment to the astrocytes.  
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4.5 Macrophages actively interact with astrocytes 

My results strongly suggest that HFA do not become productively infected 

with HIV-1 but harbor virions on the cell surface membrane or in a surface-

accessible compartment. These virions can be transferred to uninfected cells, 

leading to their productive infection. Although the precise mechanism of viral 

Figure 4.4 Transfer of viruses from HFA can be blocked. HFA were incubated 
with 10 µM  PRO 2000 or 10 mM Mannan or 10 µg/mL anti-ICAM-1 antibody or 
5 mM EDTA or 5 µM Jasplakilonide at 37ºC or 200 µg/mL pronase at 4ºC for 90 
minutes or 0.25% trypsin at 37ºC for 5 minutes. HFA were incubated with Bal-
LucR (A), YU2-LucR (B), and NL4.3-LucR (C) viruses for 4 hours. Cells were 
washed and TZM bl cells were added. Three days after co-culture F-RLU was 
measured. Data from 3 experiments performed in triplicate with mean ±1 SD. 
Astrocytes were incubated with a titration of PRO 2000 (D) for 90 minutes then 
Bal-LucR, YU2-LucR, and NL4.3-LucR viruses for 4 hours. Cells were washed 
and TZM bl were added. Three days after co-culture F-RLU was measured. 
Experiment was performed in triplicate with mean ± 1 SD. Mann Whitney 
unpaired non-parametric t-test, *p < 0.1. 
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attachment to the HFA membrane is still unclear, electrostatic interactions 

between positively charged regions of Env on virions and negatively charged 

molecules on the cell membrane appear to play an important role, particularly 

for the CXCR4-tropic virus tested. The apparently non-specific nature of viral 

attachment to the astrocyte plasma membrane makes astrocytes a potential 

short-term viral reservoir. However, although free virions appear unable to 

productively infect astrocytes, it is possible that the higher efficiency of viral 

infection mediated by direct cell-to-cell spread may overcome entry blocks to 

the virus, allowing infection.  

To investigate this idea, I first explored the interactions between infected 

or uninfected MDM and HFA. As with all systems used to investigate cell-to-cell 

viral transfer, it is only possible to analyze the movement of virus between 

individual infected-target cell conjugates using imaging techniques, since other 

approaches are unable to dissociate the infectivity signal in the infected from 

that within the target cell. I added uninfected HFA to adherent MDM that were 

uninfected or infected with HIV-1 JRFL-iGFP from B.C. at 10-3-100 MOI (449). I  

chose this IMC because it is GFP-tagged R5, which enabled me to visually 

inspect the infection level of MDM, and it is neurotropic so virus cultured from 

this IMC may be transferred to HFA efficiently. Additionally, MDM exposed to 

virus cultured from B.C. IMC transferred virions to TZM-bl better than those 

exposed to virus cultured from P.B. IMC (Figure 4.2 H).  

 After an overnight incubation, I fixed, stained and imaged the cells using 

SEM. The images revealed the distinct ultra-structural differences between the 

two cell types: astrocytes are flat and smooth with thin, branched processes and 

MDM are bulbous with extensive membrane sheets. 
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Figure 4.5 MDM “M” actively interact with HFA “A”. SEM images of uninfected 
MDM cultured alone or uninfected or HIV-1 Gag-iGFP JRFL (B. C.) infected 
MDM co-cultured with HFA overnight. MDM changed shape from flat “F” (C) to 
raised “R” (D) to spherical “S” (E). Quantification of MDM morphological 
changes was calculated by counting the number of MDM in each category in 
>10 randomly selected SEM images from each type of sample. Experiment was 
performed in duplicates with mean ± 1 SD. Panel A, C-E scale bars: 25 µm, B: 
50 µm. 
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I classified MDM into three distinct morphological types: flat (F), raised (D) 

and spherical (E) (Figure 4.5). Based upon the literature (466) and my data 

below (Figure 4.5) it seems that the flat cells are highly motile, the raised cells 

are lifting from the solid support, and the spherical cells are activated within the 

culture (466, 467). Spherical cells could be undergoing polarization toward M1 

pro-inflammatory state (348). Quantification of each morphological type 

revealed that most (~80%) uninfected MDM cultured alone (without added 

cytokines) have a flat, fried egg-type morphology, while MDM cultured with HFA 

were approximately 45% flat, ~10% raised, and ~45% spherical (Figure 4.5 F).  

The proportions of each phenotype were similar whether the MDM were 

uninfected or infected (~30-40% MDM were infected by visual inspection in 

fluorescence microscopy) (Figure 4.5 F). These data suggest that contact with 

HFA may activate MDM. Although HFA were added on top of adherent MDM, in 

many instances, MDM were observed extending membrane sheets toward the 

HFA, potentially tethering the two cells together (Figure 4.5 B). This suggests 

that MDM actively interact with HFA by detaching themselves from the 

substrate and becoming highly mobile, crawling around and onto HFA. The 

presence of HIV-1 infected MDM did not appear to affect the cellular behavior; 

instead it was the presence of the HFA that induced MDM morphological 

changes.  

4.6 Macrophages extend filopodia toward astrocytes 

Although SEM provides a high resolution and finely detailed glimpse into 

the interactions between MDM and HFA, this technology is limited to a single 

time point using fixed cells, and does not readily reveal the presence of virus. 

To overcome this limitation, I imaged cells using live fluorescence microscopy. I 

infected MDM with fluorescence HIV-1 JRFL Gag-iGFP virus from P.B at 10-3-
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100 MOI. I chose to use the isolate from P.B. instead of B.C consistent with the 

SEM studies, because I wanted to capture HFA uptake of virions, and I had 

previously observed that HFA exposed to virus cultured from P.B. IMC 

transferred virions to TZM-bl more efficiently than those exposed to virus 

cultured from B.C. IMC (Figure 4.2 H).  

I cultured infected MDM and HFA in 2 separate compartments, divided by 

a removable silicon insert on the same Ibidi imaging dish. This experimental 

setup enabled relatively synchronized imaging of the cellular interactions within 

the monolayer. After the culture insert was removed, ~80-90% MDM became 

motile and gradually moved towards the HFA. By 24 hours, MDM had crossed 

the 500 µm gap where the insert previously was located and interacted with the 

HFA. Live cell video of MDM- HFA conjugates show that MDM extended 

filopodia toward the HFA. When the HFA moved away from the HIV-1 infected 

MDM, the infected MDM enlarged its cell membrane and extended filopodial 

protrusion toward the HFA (Figure 4.6). Virions were observed associated with 

the filopodial extension. It is apparent from this video that infected MDM 

migrated and extended filopodia containing virions toward uninfected HFA.  

4.7  Macrophages transfer virions to astrocytes 

 Live cell imaging offered information on the motility and morphology of 

the cells but introduced photo-toxicity at high magnification, which may have 

altered the cellular morphology of the fragile HFA and induced cell death. I 

therefore returned to fixed cell imaging and applied confocal imaging to 

visualize the interactions between HIV-1 Gag JRFL-iGFP from P.B. infected 

MDM at 10-3-100 MOI and HFA after an overnight incubation (Figure 4.7 A-D). 
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Figure 4.6 Live cell imaging of HIV-1 infected MDM and HFA. MDM         
(“M” yellow) were infected with HIV-1 Gag-iGFP JRFL (P. B.) and co-cultured 
with HFA (“A” white). Outlines were traced based on cell morphology 
observed in phase contrast images. (A) Fluorescence images of HIV-1 GFP 
and (B) overlays of GFP channel and phase contrast show an infected MDM 
inserting a membrane protrusion decorated with virions toward a migrating 
HFA. Scale bars 50 µm. Inset (center) shows HIV-1 decorated membrane 
protrusion at higher magnification. 
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 So as to unequivocally confirm the morphological distinction of 

astrocytes, I labeled the HFA with anti-GFAP antibody tagged with Alexa Fluor 

647. The infected MDM were visualized using the fluorescence signal from the 

GFP tagged reporter virus. Figures 4.7 A-D show widefield microscopy images 

of HFA co-cultured with infected MDM on gridded coverslips. In several cases 

MDM have fused together to form giant multi-nucleated cells (Figure 4.7 D 

arrows). The astrocytes remained long and flat with no sign of apoptosis 

(blebbing) and no formation of syncytia, a structure typically observed in 

infected, receptor-expressing cells (292–294). In no case did HFA express GFP 

fluorescence signal, an indication of either productive infection or of uptake of 

infected material by astrocytes. At this resolution, there was no evidence of HFA 

infection via contact with infected MDM.  

At the ~180 nm resolution offered by confocal imaging, it was difficult to 

determine whether virus might be transferred from infected MDM to HFA. I 

therefore collaborated with Dr. Jakub Chojnacki to image the cell-cell contact 

region by super-resolution STED microscopy. STED microscopy requires photo-

switchable fluorochrome to detect molecules of interest, thus, instead of using 

the fluorescence reporter viruses HIV-1 Gag-iGFP JRFL as before, I use un-

tagged virus. I infected MDM with HIV-1 Bal at 10-3-100 MOI and co-cultured 

them with HFA for 3 hours or 24 hours. The next day, the HFA were fixed and 

labeled with anti-GFAP antibody tagged with Alexa Fluor 647 and virus was 

labeled with anti-p24 antibody tagged with Atto 490LS. STED microscopy 

shows the virions surrounding the plasma membrane of the astrocytes (Figure 

4.7 E-F). 

Cell conjugates were imaged as a z-stack in 3D STED (12 images per 

sample). The distance from the virion to HFA membrane was calculated. Virions 
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were chosen +/-3 µm from the closest astrocyte plasma membrane. Areas full 

of free virus were avoided. Analysis was concentrated on areas with contacting 

MDM-HFA conjugates. Each image in the z-stack was analyzed separately 

under assumption that each virus particle is located at the point of its brightest 

fluorescence signal. Images with a significant number of particles localized 

directly above or below the astrocyte membrane were omitted. Quantification of 

the distances between HIV-1 particles and the HFA plasma membrane in the x-

y plane is shown in Figure 4.8. After 3 hours of co-culture, the virions were 

almost entirely localized on the plasma membrane of the astrocytes, whereas 

after 24 hours of co-culture, >50% of individual virions were beneath the 

astrocyte membrane, as defined by the boundary of the GFAP expression. This 

evidence suggests that the virions may be taken up by HFA. 

 To visualize the cell-cell contact region at even higher resolution, I 

imaged the cells using TEM. I infected MDM with HIV-1 NLENG-Bal GFP virus 

at 10-3-100 MOI for >7 days and co-cultured them with HFA overnight. The next 

day, I fixed the cells and stained HFA with anti-GFAP antibody tagged with 

Alexa Fluor 647. I imaged the cell-cell contact region using widefield 

fluorescence microscopy to confirm the high MDM infection rate by visualizing 

the GFP fluorescence signal and identifying the contact areas between MDM 

and labelled HFA. Then I fixed the cells, stained and embedded the sample for 

EM. I imaged the samples using high resolution TEM (Figure 4.9). The distinct 

differences in cellular morphology enabled easy identification of the cells: HFA 

are flat with thin straight filopodia, whereas MDM have many vesicles with 

extensive curly membrane sheets. TEM shows the MDM harbored virions inside 

vesicular compartments and made direct contact with HFA. MDM membrane 

sheets were aligned in parallel to the HFA membrane over extended distances. 
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Figure 4.7 Widefield fluorescence microscopy of HFA stained with anti-GFAP 
antibody Alexa Fluor 647 (A, red channel) co-cultured with MDM infected with 
HIV-1 Gag JRFL-iGFP (P. B.)  (B, green channel) overnight (A-D). Overlay of 
red and green channels shows a high level of infection in MDM but no GFP 
signal in astrocyte, indicating no or low level of HIV-1 entry (D). Phase contrast 
shows healthy HFA with many multinucleated MDM. STED microscopy image 
from a 3D STED stack of HFA stained with anti-GFAP Alexa Fluor 647 (green) 
and co-cultured with HIV-1 Bal infected MDM labelled with anti-p24 antibody 
37G12 Atto 490LS (red) for 3 hours. STED images were taken in collaboration 
with Dr. Jakub Chojnacki at Weatherall Institute of Molecular Medicine. Panels 
A-D scale bars: 50 µm, E: 1 µm , F: 0.5 µm. 
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Figure 4.8 Quantification of HIV-1 distance from HFA membrane from STED 
images as in Figure 4.7 E-F. The distance between the virions to the astrocyte 
membrane were measured in the xy plane and analyzed graphically. Data from 
2 independent experiments, 12 images per sample. 

Figure 4.9 TEM of HIV-1 infected MDM interacting with HFA. MDM were 
infected with HIV-1 NLENG-Bal GFP, co-cultured overnight with HFA, and then 
processed for TEM; panels (B-D) are magnified regions from panel (A). 
Magnified image of panel (C) reveals a compartment inside a MDM containing 
HIV-1 virions (D). Panel A scale bar: 5 µm, B: 1 µm, C: 2 µm; D: 0.5 µm.   
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4.8 Astrocytes adsorb HIV-1 through contact with infected cells  

 To quantify the uptake of virus or virus-containing cellular material by 

uninfected HFA interacting with HIV-1 infected MDM, I used flow cytometry. I 

co-cultured ~250,000 MDM (each from 5 different donors (M2-M6)) or iPS-MDM 

(from 1 donor (iM1)) infected with HIV-1 NLENG-Bal GFP (468) at 10-3-100 MOI 

with 15,000 uninfected HFA for 8-10 days. Because HFA were highly 

proliferative, after 8-10 days, assuming that the population growth 

approximately doubled every ~3 days (based on prior experience), each culture 

should contain ~200,000-400,000 HFA. In total, there should be about 1:1 MDM 

to HFA. I chose HIV-1 NLENG-Bal GFP because it is a reporter virus; 

integration of viral genome induces production of GFP proteins that diffuse into 

the cells. Cells containing diffusible virus emit a higher fluorescence signal 

compared to those containing non-diffusible virus; this confers an advantage for 

flow cytometry analysis. I generated iPS-MDM to compare their infectivity and 

viral transfer efficiency with those of primary MDM. These cells were first 

derived from human fibroblasts, then de-differentiated into iPS cells, then re-

differentiated into monocytes and MDM.   

  I labeled MDM with anti-CD14 antibody and HFA with anti-GFAP 

antibody and matching isotypes as controls. I collected at least 20,000 live cells 

in flow cytometry. During data collection, I gated the live cells, which typically 

had forward scatter and side scatter signals above 102 and could be easily 

identified by the most dense cell cluster (Figure 4.10 A). After data collection, I 

analyzed MDM and HFA unstained and stained with matching isotypes and 

used those results to gate negative and positive cells (Figure 4.10 B-C). (Figure 

4.10 A-C) illustrate the gating strategy from one donor experiment. I expected 

that CD14+ cells should comprise ~50% of all cells in culture: across all the 
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cultures, I found <1-53% of cells were CD14+ (28.8+14.2=43% for (Figure 4.10 

C)). From the CD14+ population, <1-99% were also HIV-1 GFP+ (14.2/43=33% 

for (Figure 4.10 C)). The wide ranges of MDM percentage and infectivity might 

be due to donor variability and cell viability, and/or the rapid proliferative rate of 

HFA might result in rapid depletion of nutrients available for the non-proliferative 

MDM. MDM associated with virions might also succumb to cytopathic effects 

induced by HIV-1. The combined effect of viral toxicity in MDM and the highly 

replicative HFA might account for the wide ranges of MDM population and MDM 

infectivity observed in these cultures. 

 

In all cultures, <1-3% of all cells were GFAP+ (1.37+0.035=1.41% for 

(Figure 4.10 B)); although by visual inspection using microscopy, >50% of the 

Figure 4.10 HFA “A” adsorb HIV-1 viruses through contact with infected MDM 
“M”. MDM from 5 donors (M2-M6), or 1 iPS-DM donor (iM1) were matured for 7 
days and incubated with HIV-1 NLENG-Bal GFP for 7 days. HFA were added 
on top of the MDM for 8-10 days. Data was analyzed by flow cytometry. Gating 
was based on live cell (A) and isotype samples (B-C). Data from 3 experiments 
performed in triplicate with mean and ± 1 SD.  
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cells in the co-culture were HFA based on morphology. Within the GFAP+ 

population, <1-9.5% were also HIV-1 GFP+ (0.035/1.41=0.02% for (Figure 4.10 

B)). The percentages of GFAP+ cells were small because only activated HFA 

express GFAP. In addition, HFA are derived from fetal samples not mature 

tissues, thus, they express a high level of GFAP initially but significantly 

decrease GFAP expression over multiple divisions. Nevertheless, flow 

cytometry data show that although there was a high rate of infection or viral 

association in MDM detected by the positive expression of GFP signal in CD14+ 

cells, there was a very low percentage of GFAP+ astrocyte that expressed GFP 

(Figure 4.10 A-D). iPS-MDM yielded similar results to primary MDM. One MDM 

donor, M6, did not have very high percentage of HIV-1 GFP signal compared to 

the other donors reflecting expected donor variability in infectivity.  

Because there were very few GFAP+ HIV-1 GFP+ cells, I wanted to 

visualize each of these cells and determine the location of the GFP signal. I 

repeated the experiment and applied ImageStream technology, which combines 

the power of fluorescence microscopy with flow cytometry, to visualize the HFA 

that contained HIV-1 GFP signal. More than 100,000 live cells were collected 

and gated based on the focus of the cell images measured by gradient RMS 

and then based on the aspect ratio versus area (Figure 4.11 A left 2 panels). 

Matching isotypes were used to determine positive and negative gates (Figure 

4.11 A right 2 panels). 

 On average, approximately 19-20% of CD14+ cells and <3-6% of GFAP+ 

cells had HIV-1 GFP signal. ImageStream images of GFAP+ HIV-1 GFP+ cells 

show that HFA either formed conjugates with the infected MDM and the GFP 

signal mainly originated from the MDM itself (Figure 4.11 B middle panel) or 

HFA took up HIV-1 GFP debris (Figure 4.11 B-C bottom panels.) In the case of 
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HIV-1 infected iPS-MDM – HFA conjugates, the GFP signal appeared to 

transfer from the iPS – MDM to the astrocyte at the cell-cell contact zone 

(Figure 4.11 C middle panel). There was no evidence that HFA were infected 

with HIV-1, which would be indicated by the presence of GFP signal throughout 

the cells as in infected MDM (Figure 4.11 B-C top panels). 

 

4.9 Future direction: microvesicles role in viral transfer? 

 In addition to transferring virions to astrocytes, HIV-1 infected MDM also 

released circular membrane vesicles into the extracellular milieu, termed 

Figure 4.11 HFA adsorb HIV-1 viruses through contact with infected MDM. 
MDM or iPS-MDM were matured for 7 days and incubated with HIV-1 NLENG-
Bal GFP for 7 days. HFA were added on top of the MDM and co-cultured for 6 
days. Data was collected by ImageStream. Gating was performed based on 
focus, aspect ratio vs. area, and isotype samples (A). Data from 2 experiments 
performed with 3-6 replicates. Representative images from MDM-HFA (B) and 
iPS-MDM-HFA cultures (C).  
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microvesicles (469). Fluorescence microscopy revealed many examples of HIV-

1 NLENG-Bal GFP infected MDM that have fused together to form multi-

nucleated cells. These giant multi-nucleated cells released microvesicles 

radially around the cell body (Figure 4.12 A-D). In some circumstances, the 

multi-nucleated cell polarized its cell body toward the HFA (Figure 4.12 E-F) 

after an overnight incubation. TEM images also captured high-resolution images 

of HIV-1 infected MDM releasing pockets of membrane vesicles toward a HFA 

and the same HFA harboring an endosomal compartment containing 

microvesicles near the surface of the cell (Figure 4.13).   

Microvesicles can play an important role in mediating cell-cell 

communication (469–471). HIV-1 Nef proteins stimulate the secretion of 

microvesicles containing signaling proteins and Nef through the cell endosomal 

trafficking machinery; these microvesicles can be transferred from infected cells 

to uninfected cells (472, 473). Exosomes containing Nef have been reported to 

fuse with target cells, triggering activation–induced cell death through the 

apoptosis pathway in CD4+ T cells, and with virions, which can restore viral 

infectivity in Nef-deficient virions even after maturation (474, 475). Infected 

PBMC, platelets and megakaryocytes have been observed to transfer 

microvesicles containing co-receptors CCR5 and CXCR4 to co-receptor 

negative cells; target cells apparently “acquire” the required HIV-1 receptors 

and become susceptible to infection (84, 476). Exosomes can also contain 

apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G 
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Figure 4.12 MDM and multi-nucleated cells infected with HIV-1 produce 
microvesicles. Fluorescence images of HIV-1 GFP channel (green) (A, C, E) 
and overlays of HIV-1 GFP (green), DAPI (magenta), and phase contrast 
channels (B, D, F) reveal HIV-1 NLENG-Bal GFP infected MDM and multi-
nucleated cells releasing micro-vesicles (arrow) into the supernatant. A cluster 
of HIV-1 infected MDM polarized toward an MDM (white outline) after an 
overnight incubation. Scale bars: 50 µm. 
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Figure 4.13 TEM of HIV-1 infected MDM releasing microvesicles toward an 
HFA. MDM (A-B bottom left) were infected with HIV-1 NLENG-Bal GFP and co-
cultured with HFA (A-B top right, C) overnight. Magnified images of panel (A) 
reveal a cluster of microvesicles budding from a MDM to an HFA(B) and a 
cluster of microvesicles inside an HFA endosome/lysosome (C). Panel A scale 
bar: 2 µm, B-C: 0.2 µm. 
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(APOBEC3G), that can reduce the accumulation of HIV-1 RT products and Gag 

and Vif proteins, which support innate anti-viral immunity (477). Taken together, 

these microvesicles may mediate the transfer of functional proteins, RNAs, 

microRNA, and mRNAs and intercellular communication signals (reviewed in 

(469, 471)) between MDM and HFA, which may help explain the association of 

these viral proteins with uninfected HFA, and could potentially enhance or 

suppress HIV-1 transfer from MDM to HFA and viral spread in the brain.  

4.10 Discussion 

4.10.1  Cell free HIV-1 interactions with HFA  

 Because astrocytes lack major HIV-1 receptors, current literature 

presents conflicting views on the mechanism of HIV-1 entry in astrocytes (284, 

287, 326, 443). The data presented here show that HFA did not become 

productively infected with HIV-1 through a free mode. Despite the intimate 

physical connections between HIV-1 infected MDM and HFA, which exposed 

HFA to high local concentrations of virus, HFA did not appear to be productively 

infected through cell-cell contact. The absence of viral replication in astrocytes 

might be attributed to the inefficient translation of HIV-1 structural proteins (309, 

478). HFA exposed to infectious virus or HIV-1 infected MDM showed no 

morphological changes commonly seen in other infected cells, such as 

syncytium formation (292–294, 479) or apoptosis (148, 191, 480–482), but may 

still respond to foreign antigens and intercellular signaling by undergoing 

reactive gliosis (267, 483–485).  

The presence of viral products in astrocytes may be attributed to viral 

particles or virus-containing debris taken up through the endocytosis or 

phagocytosis pathways. Previous reports show that astrocytes phagocytose 

dead or dying cells and debris to protect neurons (323–325, 486, 487). 
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However, compared to MDM, astrocytes are highly inefficient at degrading the 

ingested materials (325). Through this mechanism, astrocytes could take up 

virions or fragments of virus infected cells and harbor them for a prolonged 

period of time, acting as viral reservoirs. Within this context, it is possible that 

virions and viral genomes can be detected within the astrocytes (246, 269, 271, 

277, 439, 488) without the cells actually becoming infected themselves.  

In addition, electrostatic interactions appear to play a major role in 

enabling viruses to adhere to the astrocyte cell membrane, particularly for the 

X4-tropic NL4.3 virus. The addition of competing negatively charged polymers 

or enzymes to remove cell surface membrane molecules prevented viral 

transfer. Previous reports have shown that this strategy is effective in 

preventing the transmission of human T-cell lymphotropic virus type 1 (HTLV-1) 

and herpes simplex virus in mammalian cells (489–491). The non-specific 

binding mechanism of HIV-1 to astrocytes, the most abundant cell types in the 

CNS, which are highly vulnerable to infiltrating virions and virus-bearing cells 

due to their proximity to the perivascular regions, may play an important role in 

promoting rapid pathogenesis.   

4.10.2  Viral transfer from astrocytes to neighboring cells 

My data suggest that virions associated with astrocytes are surface 

accessible; mature virions may reside on the surface, or inside surface-

connected compartments (107, 110), or trapped in partially hidden spaces 

within the complex membrane network of astrocytes. The addition of proteases 

or bNabs subsequent to incubation of HFA with free HIV-1 interfered with the 

transfer of surface-bound virions to neighboring uninfected cells. The 

mechanism described here is reminiscent of trans-infection mechanism 

observed in the HIV-1 transmission from infected DC to uninfected CD4+ T 



 144 

cells. In DC-mediated trans-infection, mature virions are captured at the mucosa 

on the surface membrane of DC and efficiently transferred to uninfected CD4+ 

T cells across IS (366, 374, 445, 446). Although prevalent model of HIV-1 trans-

infection suggest that DC internalize intact virions and transfer them to target T 

cells, Greene et. al. (366) show that virion internalizations do occur but the 

virions involved in trans-infection are surface bound. Similarly, astrocytes may 

passively transfer surface bound virions to neighboring cells; this concept has 

been previously proposed in (305), which suggests that astrocytes harbor 

virions in CD81+ vesicles. This paper also stated that the surface-bound virions 

were resistant to trypsin treatment, a finding that is incongruent with my data. 

The difference could be because the cells are at a different activation state, the 

trypsin treatment used, TrypLE, was milder than 0.25% Trypsin, and data 

measurements was performed using FACS and microscopy, which can be less 

sensitive than the luciferase system. 

4.10.3  Interactions between HIV-1 infected MDM and HFA 

Uninfected astrocytes can adsorb viruses from the extracellular milieu or 

directly from another cell. Here, I observed MDM interacting actively with HFA, 

in many cases crawling on top of the target cells. Some HIV-1 infected MDM 

extended thin filopodia decorated with HIV-1 virions toward HFA. The virions 

appear to move back and forth along the filopodia in live cell imaging (Figure 

4.6), similar to a mechanism described previously as viral “surfing” (98, 100–

102, 492–494). Unlike other VS that features interdigitated membrane 

extensions from both host and target cells (99, 102, 495), the synapses 

between MDM-astrocyte features an open and smooth structure with the two 

cell membranes simply apposing each other.  
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In addition to transferring virions, HIV-1 infected MDM or giant multi-

nucleated cells also dispersed microvesicles toward the HFA. The target HFA 

appears to harbor cytoplasmic compartments such as endosome that contain 

similar microvesicles. This suggests a mechanism by which MDM may transfer 

viral products or other molecules toward astrocytes, which can promote 

pathogenesis. This model may explain the presence of viral proteins and gene 

products inside astrocytes without leading to productive infection. Additionally, 

microvesicles can be used to facilitate intercellular communication, which can 

stimulate and sustain cellular activation and neuroinflammation (469–471). As 

HIV-1 host cells, MDM may not be able to productively infect astrocytes, 

however, their high motility, proclivity for cell-cell interactions, and efficient viral 

production enable them to transfer virions to astrocytes effectively. 

4.10.4  Implications for CNS pathogenesis 

 Although exposures to HIV-1 virions or infected MDM do not lead to 

productive infection in astrocytes, this cell type is still an effective conduit to 

transmit HIV-1 through the CNS because 1)  astrocytes exist in large numbers 

and proliferate quickly in respond to neurological insult, 2) astrocytic exposures 

to HIV-1 proteins and HIV-1 infected cells can disrupt cellular functions, leading 

to homeostatic imbalance in the CNS, and 3) astrocytes can take up mature 

virions on the surface membrane and harbor them in hidden reservoirs then 

subsequently transfer them to another cell without succumbing to cytopathic 

effects (303, 316, 496).  
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5. HIV-1 transmission from T cells to astrocytes 

5.1. Introduction 

As discussed in the previous chapter, HIV-1 spread in the brain 

parenchyma may occur through HIV-1 infected perivascular macrophages and 

microglia. Because the astrocyte endfeet surround blood vessels, these cells 

are also exposed to HIV-1 carrying T cells crossing the BBB. While the notion of 

“Trojan macrophages” as a possible mechanism for transport of HIV-1 to the 

CNS has been discussed extensively (171), infected T cells could also play this 

role, especially if the BBB is compromised by inflammation, particularly in the 

process of immune reconstitution (80, 497, 498). Since HIV-1-infected T cells 

can form VS with other cell types (120, 499), I hypothesize that infected T cells 

might form adhesive junctions with astrocytes, resulting in transfer of virus to 

the astrocytes. Investigating whether infected T cells form VS with astrocytes 

and characterizing the spatial organization of VS formed at T cell–astrocyte 

adhesive junctions is therefore of interest for understanding potential 

mechanisms of HIV-1 transfer in the brain. 

 To study the interactions of HIV-1-infected T cells with uninfected 

astrocytes, I applied FIB-SEM, which can capture the structure of the cell-cell 

contact zone in its entirety at nanometer resolution in 3D (99, 107, 378, 495, 

500, 501). Here, I present a structural study of VS formed at the junction 

between HIV-infected CD4+ T cell lines, Jurkat and H9 cells, and primary HFA. I 

compare the similarities and differences between VS presented here and those 

formed by different cell types, as previously published. These insights extend 

the generality of my hypothesis (99, 102)that, in VS, membrane processes from 

both uninfected cells and infected cells or virus-bearing cells contribute actively 
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to facilitate virion transfer at cell-cell contact zones. The cell culture parts of this 

project was performed in collaboration with Dr. Guanhan Li at the NIH. 

5.2. Astrocyte take up HIV-1 through contact with infected cells 

To determine whether astrocytes can take up HIV-1 through contact with 

infected T cells, I co-cultured HFA with Jurkat-Tat-R5 acutely infected HIV-1 

NLENG-Bal GFP. Jurkat-tat-R5 is human T cell line that has endogenous 

CXCR4 and CD4 expression, and is stably transfected with human CCR5; 

these cells can be infected with both X4 and R5-tropic viruses. Cells were 

stained with anti-CD3 antibody for T cells and anti-GFAP antibody for HFA and 

analyzed on day 2, 5, 7, 10, 13 post co-cultures (Figure 5.1 D). Gating was 

performed based on live cell and matching isotype samples (Figure 5.1 A-C). 

Data analysis shows that over time, the percentage of CD3+ T cells and GFAP+ 

HFA associated with HIV-1 GFP increased at a similar rate from 0 to ~12-20% 

(Figure 5.1 D). The similar kinetic suggests that infected Jurkat-tat-R5 may 

mediate HIV-1 transfer to HFA. 

I repeated the same experiment by co-culturing HFA with Jurkat-tat-R5 

acutely infected with HIV-1 NLENG-Bal GFP and HIV-1 NL4.3-GFP for 11 days 

to compare the viral tropism. I also applied ImageStream technology, which 

combines the power of fluorescence microscopy with flow cytometry, to 

visualize the HFA that contained HIV-1 GFP signal (as in Figure 4.11). When I 

compared the ratio of infected Jurkat-tat-R5 to HFA associated with HIV-1 GFP, 

I noticed that the ratio of Bal-GFP co-culture was significantly higher than that of 

NL4.3-GFP co-culture (Figure 5.1 E), which suggests that HFA can take up 

virions or virion-containing debris from Jurkats infected with X4-tropic viruses 

more efficiently than Jurkats infected with R5-tropic viruses.  For this reason, I 

used   
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Figure 5.1 Flow cytometry analysis of HFA co-cultured with Jurkat-tat-R5 
acutely infected with HIV-1 NLENG-Bal GFP. The samples were stained with 
anti-CD3 v450 antibody and anti-GFAP Alexa Fluor 647 and analyzed on day 
2, 5, 7, 10, 13 post co-culture (D). Gating was based on live cell (A) and 
isotype samples (B-C). Data from 2 experiments performed in 6 replicates 
with mean ± 1 SD. HFA were co-cultured with Jurkat-tat-R5 acutely infected 
with HIV-1 NLENG-Bal GFP or NL4.3-GFP for 11 days and analyzed by 
ImageStream (E). Data from 2 experiments performed in 3 replicates with 
mean ± 1 SD. Gating was performed the same way as (Figure 4.11 A).  
Representative images from HIV-1 NLENG-Bal GFP (bottom) or NL4.3-GFP 
(top two images) infected Jurkat-tat-R5-HFA. 
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CXCR4-tropic viruses for the rest of my experiments. ImageStream reveals 

HFA associated with HIV-1 GFP signal typically contain 1) both punctate CD3 

and HIV-1 GFP signals, suggesting HFA took up infected Jurkat debris, or 2) 

clusters of bright GFP signal, suggesting HFA took up viral particles but not 

necessarily became infected themselves. These types of interactions are 

analogous to those that I observed in macrophages from (Figure 4.11). I 

conclude that HFA exposed to infected T cells take up virions or virion-

containing debris. 

5.3. T cells interact actively with astrocytes 

To analyze the interactions between T cells and astrocytes, I cultured 

primary HFA with another T cell line, H9 cells, uninfected or chronically infected 

with X4-tropic HIV-1 IIIB. I chose H9 cells instead of Jurkat-tat-R5 as before 

because I could obtain them from the NIH AIDS Reagent Program as 

uninfected or chronically infected cells; the infection rate of chronically infected 

cells may be higher than acutely infected cells and can confer an advantage for 

imaging rare events like viral transfer. HFA were cultured overnight on an 

imaging dish. The next day, HFA and uninfected or infected H9 cells were 

separately labeled with membrane dye: carboxyfluorescein succinimidyl ester 

(CFSE) (green) for astrocytes and Vybrant DiI (red/magenta) for H9 cells. H9 

cells were added to the HFA and live cell imaging began immediately.  

Within the first few minutes, H9 cells moved freely around the culture. 

Many H9 cells subsequently settled onto HFA after 10 minutes and remained 

associated with the HFA for more than 3 hours after initial contact, suggesting a 

potential mechanism that tethered the two cells together (Figure 5.2 A-B). Some 

H9 cells moved above and below the astrocyte membrane surface in the first 20 

minutes, causing extrusion of HFA membrane around the H9 cells and the 
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appearance of depressions in the HFA surface (Figure 5.2 C-F). Subsequently, 

infected H9 cells remained above the HFA membrane for more than 3 hours. 

H9 cells that adhered to the HFA extended large membrane sheets along the 

astrocyte surface and rotated them radially for more than 3 hours, appearing to 

sample the surface of the HFA membrane (Figure 5.2 G-H). Some H9 cells 

moved side to side along the length of the astrocyte.  

Unlike uninfected H9 cells, infected H9 cells often formed syncytia. When 

these syncytia burst, debris was released into the surrounding environment, 

much of which became associated with astrocyte membranes through passive 

fluid diffusion (Figure 5.2 I-J). Over 3 hours, the HFA membrane was observed 

to express both the original membrane dye (green) and the H9 cell membrane 

dye (magenta).  

 Together, these observations suggest that uninfected and infected H9 

cells actively interact with HFA, appearing to probe the surface of the cell. The 

complex astrocytic membrane protrusions may play a role in tethering the H9 

cells to the HFA membrane. If an infected H9 cell undergoes apoptosis or 

necrosis, the cell may release cellular fragments and viral products in the 

extracellular milieu. Neighboring HFA could trap these now free virions or virion-

containing cell debris onto the membrane surface, potentially leading to viral 

transfer.  

5.4. Astrocyte change shape after contact with HIV-1 infected T 

cells 

 As a response to brain injury, astrocytes often undergo astrogliosis, a 

process that induces rapid cellular proliferation, hypertrophy, and increased 

expression of GFAP (268, 502). GFAP supports the structure and movement of  
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Figure 5.2 H9 cells interact with HFA. (A-J) Selected images from 24 
movies. (A-B) Overlay of phase contrast and fluorescence images reveal H9 
cells, labeled with DiI (red, white arrows) that have migrated toward HFA, 
labeled with CSFE (green) in 10 minutes and remained attached for >3 
hours. Fluorescence images reveal (C-F) H9 cells (red, white arrows) moved 
below (C-E) and above (D-F) the HFA (green) for 20 minutes and remained 
above the membrane surface for >3 hours; (C, D) top view, (E, F) side view. 
(G-H) An H9 cell (red, white arrows) attached to an HFA (green) actively 
spreads membrane sheets radially for >3 hours. (I-J) H9 cells chronically 
infected with HIV-1 IIIb (magenta, white arrows) released cell debris on the 
surface of the astrocyte membrane (green), causing astrocytic uptake of the 
H9 cell magenta membrane dye. Panel A-B, I-J scale bars: 50 µm, C-H: 20 
µm.  
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astrocytic processes. Here, I assessed the morphological changes that 

occurred in cultured primary HFA upon contact with H9 cells chronically infected 

with HIV-1 IIIb or acutely infected with the HIV-1 NL4-3-based reporter virus 

NLENG1 (Figure 5.3). Cultured HFA displayed compact polygonal shapes when 

cultured on their own (Figure 5.3 A), with uninfected H9 cells (Figure 5.3 D), or 

with cell free virus (Figure 5.3 B-C). However, when exposed to infected H9 

cells (Figure 5.3 E-F), HFA showed dramatic changes in cellular morphology, 

with a clear increase in the prevalence of membrane extensions. While the 

presence of HIV-1 has been shown to stimulate the expression of GFAP, a well-

known astrocytic response to pathogens, including HIV-1 (265, 266, 268), it is 

the presence of infected H9 cells that is required for morphological changes 

(Figure 5.3 E-F versus B-C) and the presence of membrane extensions. 

 The membrane extensions formed in the co-culture of astrocytes and 

HIV-1 IIIb-infected H9 cells can measure more than 478 microns in length, 

which is longer than 14 times its cell body (Figure 5.3 I). These membrane 

extensions were branched, radiating outward from the cell body (Figure 5.3 J-

K). SIM microscopy demonstrated that within each membrane extension, 

intermediate filaments twisted into a bundle (Figure 5.3 L) that could provide 

structural support to filopodial extensions (266). 

To obtain a quantitative estimate of the extent of these morphological 

alterations, I quantified the area of GFAP expression per HFA (Figure 5.3 G-H) 

using automated tools for 2D image segmentation (outlined in Figure 5.4). Co-

culture with uninfected H9 cells did not alter the overall area covered by GFAP 

in HFA, as compared to GFAP protein distribution in HFA cultured alone.  
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Figure 5.3 HFA extend membrane protrusions in the presence of HIV-1 
infected T cell lines. (A-F) Fluorescence microscopy images of (A) primary 
human fetal astrocytes cultured (A) alone or with (B) HIV-1 IIIb, (C) NLENG1, 
(D) uninfected H9 cells, (E) HIV-1 IIIb chronically infected H9 cells, and (F) 
NLENG1 acutely infected H9 cells for 24 hours. Intermediate filaments were 
labeled with GFAP (green); nuclei were labeled with DAPI (blue). (G-H) 
Quantitative analysis of cells in >10 images cultured under each (A-F) 
conditions. (G) The average area of GFAP expression per HFA and (H) the 
average number of HFA per field of view. (I-K) HFA cultured as in (E) have 
long, branched membrane protrusion with thin cell bodies. Structured 
illumination microscopy image (L) of white box in (K) revealed twisting 
intermediate filament bundles in HFA membrane extension. Panels A-F scale 
bars: 50 μm, J-L: 10 μm. 
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However, co-culture with HIV-1-infected H9 cells or free HIV-1 resulted in 

a measurable increase in the area of GFAP distribution, suggesting that the 

presence of HIV-1 mediated an increase in GFAP expression. These results 

show that the presence of HIV-1-infected T cells induced significant increases in 

both membrane extensions and GFAP expression on primary HFA, which are 

two physiological hallmarks of reactive astrogliosis (266, 485, 502).   

5.5. Architecture of the T cell-astrocyte synapse 

To explore the potential connection between the formation of membrane 

extensions and HIV-1 transmission, I investigated the structures using 

correlative FIB-SEM of contact zones between HIV-1 IIIb-infected H9 cells and 

Figure 5.4 Automated image analyses reveal the number of cells and area of 
GFAP expression per human fetal astrocyte, as applied in Figure 5.3 (G-H). 
(A) Fluorescence image of HFA nuclei labeled with DAPI (blue); (B) 
application of a binary mask based on the pixel intensity profile identified 
discrete cells from image (A). (C) Fluorescence image of astrocyte labeled 
with GFAP antibody (green); (D) application of a binary mask based on the 
pixel intensity profile defined the area of GFAP expression from image (C) 
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HFA co-cultured overnight (102, 378). Since HFA can be very large, it was 

important to use methods that could ensure that the FIB-SEM imaging was 

directed specifically to regions of cell-cell contact. I used light microscopy 

(Figure 5.5 A) and low-dose topographical SEM (Figure 5.5 B) to identify cell-

cell contact zones, taking advantage of the striking morphological differences 

between the elongated HFA and the spherical HIV-1 IIIb infected H9 cells. Once 

the cells and the contact regions were identified, I carried out targeted FIB-SEM 

imaging to obtain 3D reconstructions of the HFA–H9 cell synapse. 

Individual block face SEM images through the contact zone show cell 

boundaries, organelle distribution, and the presence of budding and mature 

HIV-1 particles in the region between the two cells (Figure 5.6 A-C). 

Reconstruction (Figure 5.6 D) and visualization of the 2D image stack as a 3D 

volume (Figure 5.7) shows that the contact zone between infected H9 cells and 

HFA is different both from the membrane interdigitation observed in DC T cells  

VS (99, 495) and from the membrane spreading observed in T cells VS (102). 

Instead, the central feature of the astrocyte–H9 cell contact zone is a set of 

filopodial extensions emanating from the HFA (Figure 5.7 A). These protrusions 

extended directly towards the HIV-infected H9 cell and were surrounded with 

HIV-1 particles. The presence of the filopodial extensions covered with HIV-1 

virions suggests the mechanism of virus “surfing” described previously (100, 

492–494), in which extension of these long filopodia contributes to infection by 

enabling the virions to cross the void between neighboring cells. Transparent 

visualization of synapse structure reveals the localization of virions at the cell-

cell contact zone (Figure 5.7 B). The architecture of the VS between the HIV-

infected H9 cells and HFA supports the hypothesis that, in this system, 

morphological changes in uninfected HFA influence the distribution of viruses at  
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Figure 5.5 HFA and H9 cells can be readily distinguished based on 
morphological differences. (A) Phase contrast image of HFA (elongated) co-
cultured with HIV-1 IIIb-infected H9 cells (spherical) for 24 hours. Scale bar: 
100 μm. (B) Topographical SEM image of a resin-embedded block of HFA 
co-cultured with HIV-1 IIIb-infected H9 cells. An HFA-H9 cell conjugate is 
highlighted in white box. (Inset) Higher magnification shows the nuclei of two 
adjacent cells. One cell is ~ 10X longer than the other (128.1 µm versus 11.8 
µm), suggesting an HFA “A” and H9 cell “T” conjugate. FIB-SEM imaging 
was performed on the area denoted by the dotted white box in the direction 
of the white arrow. Scale bar: 20 µm. 
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the contact zones, and may facilitate infection by allowing virions to localize at 

the cell-cell junction.  

 To further explore the variety of VS that can occur between HFA and 

HIV-1 infected H9 cells, I imaged several additional variants of the filopodial-rich 

VS shown in Figure 5.7. In some instances, the filopodia appear to be very 

thick, essentially forming a large branch emanating from the central body of the 

HFA (Figure 5.8 A-D). In others, thin HFA membrane extensions form VS 

containing concentrated HIV-1 clusters at the contact zone between the HFA 

and infected H9 cell were observed (Figure 5.8 E-F). Visualization of the entire 

contact zone in 3D illustrates that what may appear as a pair of non-interacting 

cells in a 2D image (Figure 5.8 C) is instead a slice through an extensive cell-

cell contact region (Figure 5.8 D). Further, in instances where single slices show 

cells that are far apart, collections of filopodial extensions emanating from 

different regions of the astrocyte are observed, all appearing to direct towards 

virions emerging from the infected T cell membrane (Figure 5.8 E-F).  

 To extend these findings, I also explored the structures of the VS 

between HFA and another T cell line, Jurkat cells acutely infected with HIV-1 

NLENG1-GFP. I co-cultured the cells overnight in a gridded imaging dish and 

imaged them in fluorescence microscopy (Figure 5.9 A) to locate infected 

Jurkat-HFA conjugates. I applied correlative FIB-SEM imaging to locate the 

same cell pairs. In 3D FIB-SEM, I observed the HFA extending a filopodium 

inside a Jurkat cell which contained multiple vesicles with budding and mature 

virions (Figure 5.9 B). In another conjugate, with 2D FIB-SEM images, I 

observed polarization of the HFA nucleus and cellular membrane toward the 

Jurkat cell where the two cells were contacting (Figure 5.9 D, I). However, 

within the same pair of cells, in areas where the two cells were not in contact, 
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Figure 5.6 H9 cells transfer virions to HFA via interdigitated membrane 
protrusions originated from both cells. (A) 2D FIBSEM image of a HIV-1 IIIb 
chronically infected H9 cell (left) and an uninfected HFA (right), co-cultured 
overnight. The HFA adhered to the substrate while the H9 cell remains 
suspended in the culture medium. Scale bar: 1 μm. (B) In the synaptic region 
(A, black box), H9 cell and HFA extended thin filopodia across the synapse 
with virions trapped at the junction. (C) Three virions (B, black box) have 
dark, conical-shaped densities in the center, indicative of mature viral 
capsids. Inset scale bars: 150 nm. (D) The stack of 2D FIB-SEM images 
were reconstructed into a 3D volume with dimension of 18 x 5 x 10 µm3. 
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Figure 5.7 HIV virions localize along membrane extensions within the H9 
cell-astrocyte VS. (A) 3D rendering of the FIBSEM image stack containing 
the contact zone between the HIV-1 IIIb (red) infected H9 cell (gold) and HFA 
(blue). The target cell has extended long filopodial bridges (center) toward 
the infected cell across the intercellular gap. HIV-1 virions were observed 
adjacent to the filopodial bridges. (B) Semi-transparent visualization of the 
H9 cell and HFA revealed the dense accumulation of HIV-1 at the cell-cell 
contact zone. 
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Figure 5.8 Structural variations in membrane contact at the HFA–H9 cell VS. 
(A, C, E) 2D FIB-SEM images and (B, D, F) 3D semi-automatic, segmented 
reconstructions of HIV-1 IIIb (red) infected H9 cells (gold) and HFA (blue) co-
cultured overnight. Scale bars: 1 µm. (A, B) An HFA has extended a thick 
membrane protrusion (arrow) toward the HIV-infected H9 cell, forming an 
extensive contact zone with a H9 cell filopodium. (C, D) A thick HFA 
membrane protrusion (arrow) has closed the intracellular gap between the 
HFA and the HIV-1 infected H9 cell. HIV-1 virions were found concentrated 
in the elbow and along the length of the thick astrocytic protrusion. (E, F) A 
cluster of HFA filopodia (arrow) extended towards a group of HIV-1 virions 
located on the H9 cell membrane. 
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the nucleus remained flat (Figure 5.9 C). Magnified regions of the cell-cell 

contact revealed vesicles inside Jurkat cells with budding and mature virions 

(Figure 5.9 E). In an area with a mature virion between the Jurkat-HFA contact 

zone, I observed multiple open and closed vesicles on the surface of the HFA 

(Figure 5.9 F). Filopodia with a budding virus at the tip were observed extended 

from the Jurkat cell towards the HFA (Figure 5.9 G). In some instances, the 

Jurkat cell inserted a filopodia inside the HFA (Figure 5.9 H, I inset). These 

observations suggest that astrocytes play a role in facilitating their own infection 

by extending processes toward HIV-1 infected T cells. 

5.6. Astrocytes internalize virions in vesicles 

 Since HIV-1 bind to HFA (Figure 5.1, 5.6-5.8), I investigated whether 

these attached virions might be internalized into the cells via a membrane 

fusion or endocytic mechanism. In principle, the viruses could enter by fusion at 

the plasma membrane. Alternatively, they could be internalized first then remain 

inactive or fuse into an internal membrane. Analysis of the architecture of 

various cell-cell contact zones provides evidence for the latter mechanism, with 

the FIB-SEM data providing 3D snapshots of viruses before (Figure 5.10 A-B), 

in the process of (Figure 5.10 C-D) and following internalization in an astrocyte 

membrane cluster (Figure 5.10 E-F). Since FIB-SEM imaging generated 3D 

structures of the virion-containing compartments in their entirety, it is clear that 

the compartments are vesicles that are completely bounded by an intracellular 

membrane, and are not merely surface connected invaginations of the plasma 

membrane that trap HIV-1 virions, as seen in macrophages (106, 110). FIB- 
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Figure 5.9 HFA polarized to NLENG1-GFP-infected Jurkat cells in an 
overnight co-culture. (A) Overlay of brightfield and fluorescence microscopy 
image of infected Jurkat (green) and HFA. (B) A 3D FIB-SEM image reveals 
an HFA (blue) that inserted a filopodia (arrow) inside a virion (red) containing 
Jurkat cell (gold). (C-D) 2D FIB-SEM images of HFA membrane (blue) and 
nucleus (green) interacting with infected Jurkat cells taken at different z-
planes. (E-H) Magnified images of the contact region revealed (E) virions-
containing vesicle inside Jurkat cell, (F) vesicles at the HFA membrane 
surface near a virion, (G) a budding virion on a Jurkat filopodial tip, and (H) 
Jurkat filopodia inserting inside the HFA membrane. (I) 3D visualization 
confirmed astrocytic membrane polarization and Jurkat cell filopodia insertion 
into astrocyte membrane (inset). Scale bars: 1 µm. 
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SEM also captured an example of a dying HFA containing HIV-1 associated 

vesicle with extensive membrane blebs; death might be induced by cytopathic 

effects associated with viral contact (Figure 5.10 G-H).  

5.7. Discussion 

 Determining the 3D architecture of VS and virus distribution at this 

specialized zone of cell-cell contact is central to understanding the mechanisms 

of cell-to-cell spread of HIV-1. VS, as originally defined by Sattentau (95), and 

as structurally defined by a number of 3D structural analyses including my 

present work, are cytoskeleton-dependent, stable adhesive junctions across 

which virus is transmitted by directed transfer (93, 94, 96–99, 101, 120, 495, 

503, 504). The concentration of viruses at the synapse enables more effective 

infection of permissive target cell. The complex VS structure shields the virions, 

at least partially, from the immune system (237, 238).  In earlier studies of VS 

formed at the junction between HIV-1-pulsed DCs and uninfected CD4+ T cells, 

membrane extensions from both cell types are involved at the zone of cell-cell 

contact (99, 495). 

 Biochemical experiments have shown that, at least in the case of 

immature DCs, these membrane extensions are induced following engagement 

of DC-SIGN by Env proteins in a cascade involving Src kinases, Cdc42, Pak1 

and Wasp (495). In synapses formed by mature DCs, large sheet-like 

membrane extensions encase the T cell near the sites of cell-cell contact, 

enabling close access of the shorter filopodial extensions from the T cell to 

virion-rich channels near the surface of the DC (Figure 5.11 A). Interestingly, 

despite the general similarities in the nature of the membrane extensions 

observed on immature and mature DCs, the envelopment of the T cell seen with 

mature DCs is not observed with immature DCs (Figure 5.11 B). Nevertheless, 
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Figure 5.10 Internalization of HIV-1 by HFA. HFA (blue) were co-cultured 
with Jurkat cells (gold) infected with NLENG1-GFP viruses (red) overnight. 
(A, C, E, G) 2D FIB-SEM images and (B, D, F, H) 3D colored visualizations 
of cell-cell contact zones. (A-B) Budding and mature HIV-1 virions are 
localized at the synaptic region between Jurkat cells and HFA. Dark densities 
indicative of HIV-1 virion cores are observed. One virion (arrow) appears to 
be attached to an astrocytic membrane protrusion. Both Jurkat cells and 
astrocytes have extended small filopodia toward each other. (C-D) Two HIV-
1 virions resided directly above an invaginated region outlined by a dark 
density along the HFA cell membrane, indicative of an open clathrin coated 
vesicle. (E-F) Two HIV-1 virions were encapsulated at the center of a 
network of astrocytic membrane sheets that project upward, creating an 
intricate cabbage-like structure that effectively harbored HIV-1 virions in the 
crevices. (G-H) One HIV-1 virion was observed at the center of an HFA that 
was undergoing apoptosis. 
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in VS formed by both immature and mature DCs, virus delivery appears to also 

involve membrane extensions from the uninfected cell. These different 

formations are likely a reflection of the normal cellular contacts formed by these 

types of cells, but still represent important features for HIV-1 cell-to-cell 

transmission at these synapses.  

 Unlike in contacts formed with DCs, infected and uninfected primary 

CD4+ T cells extensively wrapped membrane around neighboring cells, with 

HIV-1 virions found clustered at the periphery of the contact zone (505). In other 

cases, T cell-T cell VS involves actin-dependent recruitment of HIV-1 receptor 

and adhesion molecules and polarization of virions at the synaptic cleft (96). 

These structures are semi-permeable and, thus, sensitive to entry inhibitors 

(120).  Occasionally, long membrane extensions, some more than 30 µm in 

length, were also observed connecting T cells together (101, 102). Live imaging 

of HIV-1 VS in T cells has indicated that virions can transfer either along 

filopodia (“virus surfing”) (98, 101) or directly across a synapse (505, 506). 

Given the snapshot nature of this study, however, it is not clear whether the 

membrane extensions revealed are formed by the same mechanism as those 

noted previously. Nevertheless, as reported for other VS (98, 101), the long-

distance membrane contacts observed may likewise enable the transfer of   

HIV-1 to uninfected cells by virus surfing. 

At the synapses formed between astrocytes and infected Tcells, 

extensions from both cells form a filopodial network at the cell-cell contact zone 

(Figure 5.11 D). The extended membrane projections from the astrocytes were 

extended directly at the infected H9 cell, providing a conduit for HIV-1 to “surf” 

along the projections towards the uninfected cell. This network is reminiscent of 

the filopodial bridges observed in the rat XC sarcoma cell line model system, 
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which are stabilized by the presence of target cell receptor molecules at the tip 

of the membrane extension and Env proteins on the infected cell surface (98, 

492), and which facilitate viral transfer via an actin-dependent process. 

Nevertheless, the structure of the astrocyte membrane extensions, with high 

levels of GFAP, a protein restricted primarily to astrocytes, is likely specific to 

this cell type; suggesting that while the general presence of membrane 

extensions is shared among many cell types, there are unique characteristics of 

these interactions that are cell-type specific. 

These observations suggest that the type of interaction between infected 

and uninfected cells is particular to the cell types involved in the synapse; thus, 

spatial architecture of zones of cell-to-cell transmission may vary significantly 

between different types of VS. The membrane extensions from APCs, T cells, 

and astrocytes could be formed from close but “not-yet-touching” cells to close 

the gap (98), or could be “sticky” trailing pseudopodia left from previously 

touching cells that are beginning to move apart (101, 499). Nevertheless, the 

similarities between the various VS shown here and elsewhere (99, 102, 495) 

suggest that the common element of membrane projections may provide a 

useful route for exploring therapeutics aimed at blocking cell-to-cell transfer by 

disrupting the extension and/or stabilization of membrane protrusions. A 

schematic summary of the four different types of VS architectures observed by 

EM is presented in (Figure 5.11); this is not an exhaustive list of VS reported but 

simply represents a variety of VS to illustrate the diversity in physical structures.  
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 While light and EM studies have begun to provide insights into some of 

the structural themes associated with HIV-1 transfer at VS (96, 99, 102, 495, 

503, 504, 507), the molecular mechanisms leading to their formation are poorly 

understood. The observation of membrane extensions from the uninfected cells 

suggests that there may be a signal that is sensed by the uninfected cell, such 

as a chemical messenger or perhaps even monomeric gp120 that diffuses and 

initiates signaling by binding to co-receptors on target cells, as has previously 

been suggested (482). Indeed, it has been shown that human papillomavirus 

type 31 virus can stimulate viral uptake and cytoskeleton-dependent retrograde 

Figure 5.11 Schematic illustration of the membrane architectures of four 
distinct types of cell-cell contact at HIV-1 VS determined by 3D electron 
microscopy. This is not an exhaustive list of VS, but a representative sample 
to show the diversity of VS structures. (A) Encasement of the target cell by 
mature dendritic cells (DC) and interaction of filopodia from the target T cell 
with viral reservoirs in DCs (99).  (B) Network of filopodial extensions at the 
cell-cell contact zone that enable virus transfer from the surface of immature 
DCs to uninfected CD4+ T cells (495). (C) Rearrangement and shape 
change of an uninfected CD4+ T cell enabling extensive membrane contact 
with HIV-1 infected T cell (102). (D). Membrane bridges extend from HFA at 
regions of contact with HIV-1 infected T cells, providing a mechanism for 
viruses to “surf” from the infected cell to the astrocyte (102). 
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transport along filopodia (493), although this has not been directly observed in 

the HIV-1 VS.  

There is little doubt that cytoskeletal remodeling must be an essential 

component of the changes in cellular morphology at the synapse. Thus, actin 

polymerization inhibitors, such as cytochalasin D that disrupts HIV-1 localization 

at synapses formed by mature DCs (99), dramatically reduces the number of 

membrane protrusions, and decreases HIV-1 transfer at IS formed with 

immature DCs (495). Similarly, in T cell synapses, inhibitors of active 

remodeling, such as Cytochalasin D, latrunculin-A and jasplakinolide, interfered 

with receptor recruitment or conjugate formation that facilitated viral transfer 

across VS (96).   

HIV-1-induced membrane extensions in astrocytes appear to involve 

increases in expression of intermediate filaments. It seems plausible that the 

structural features unique to the different types of VS are merely variations on 

the cellular repertoire of physiologically relevant membrane rearrangements 

necessary for cell-cell communication, but subverted by HIV-1 to achieve 

infection of target cells.  A better understanding of the chemical mechanisms 

involved in VS formation may thus provide valuable insights not only into 

strategies for preventing the spread of HIV/AIDS but also into some of the 

general principles involved in cell-cell communication. 
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6 Discussion 

6.1 Correlative FIB-SEM  

 Powerful new imaging technologies are available, enabling us to answer 

fundamental biological questions in the context of health and disease. In this 

thesis, I describe the optimization of a developing, new technology known as 

correlative FIB-SEM, which combines the power of live cell and 

immunofluorescence imaging with the high resolution imaging offered by EM. I 

applied this technology to study muscle cell differentiation mechanism using 

qualitative characterization and semi-automatic image processing to generate 

unbiased quantitative descriptions.  

 The strength of this technology lies in the ability to derive both genetic 

and structural information on whole cell and sub-cellular features. Many studies 

focus on genetic analysis; in some cases, microscopy is applied but at low 

resolution that provides ambiguous or limited information. Incorporating super-

resolution microscopy, such as STED or SIM, and correlative FIB-SEM 

technology into the current biological toolset will enable researchers to interpret 

mechanistic functions from both chemical and structural perspectives. This 

technology can be used to characterize cellular states: differentiated vs. 

undifferentiated in stem cell studies or normal vs. abnormal state in cancer, 

infectious diseases, and aging studies. The multi-level quantitative metrics 

provide rapid and unbiased interpretations of the data. 

6.1.1  Challenges and future opportunities 

 The main challenges of this new technology are the time it takes to 

acquire a 3D structure (a single whole cell imaged takes 3 days in FIB-SEM vs. 

3 minutes in optical microscopy) and the instability of the FIB-SEM software and 

hardware systems. To image the samples, the specimens have to be fixed and 
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stained with heavy metals, which may introduce artifacts, such as enlargement 

or reduction of physical features and metal precipitate depositions that can be 

misinterpreted for cellular features. Fixation and staining protocols usually need 

to be optimized for each sample type. These challenges can be overcome by a 

new technique termed cryo-FIB-SEM, which enables fast 3D imaging of large 

native frozen samples (508). New electron detector, such as FEI direct electron 

detector that enables high resolution images of biological materials, may 

provide an opportunity to image cellular processes at higher resolution while 

preserving biological structures by limiting the electron dose necessary to 

generate high contrast images (509).   

 The complex interplay between the electron beam, ion beam, platinum 

and carbon gas deposition system, vacuum system, etc. requires every 

component to be well aligned and work in sync at all time. I expect that soon the 

software will be fully developed and as a result, the hardware system will also 

stabilize. Imaging time will significantly speed up to a cell a day. Image 

processing tools will be refined, enabling automatic quantitative structure 

analysis. This technology can be applied to characterize tissues and whole cells 

as well as their subcellular structures in the laboratories for research and in the 

hospital for diagnosis. Because many diseases can be characterized by both 

genetic and structural abnormalities, correlative FIB-SEM can allow the user to 

visualize cellular structures in minute details. 

6.2 HIV-1 transfer from macrophages and T cells to astrocytes 

 I applied correlative FIB-SEM and a wide variety of virological and 

imaging techniques to answer questions about HIV-1 transmission in the brain. 

In vivo, macrophages and CD4+ T cells are the principal cells that efficiently 

produce virus and contribute to disease progression in the brain (435). The 
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migratory nature of these cells enables them to transfer infectious particles to 

naïve bystander cells. Their transmigration across the BBB and presence in the 

brain parenchyma may lead to viral transfer to the most populous resident glia 

cell, astrocytes.  

 Although previous reports, when taken together, suggest that astrocytes 

become infected with HIV-1 but in a non-productive manner, my data suggest 

that astrocytes do not become infected. Virions bind to the surface of the cells 

partly through electrostatic interactions and can be neutralized with protease or 

bNabs. Some virions are found inside vesicles, but these are likely to be surface 

accessible based on my inhibitor studies. Astrocytes are phagocytic and 

endocytic and may engulf virions or viral-containing debris from dead/dying cells 

and the extracellular environment, although the mechanism of uptake is not 

well-defined at the moment. Because astrocytes are inefficient at degrading 

ingested materials (325), the viral products may reside inside or on the cell 

surface for extended periods. In astrocyte-CD4+ T cell contacts, virions appear 

to “surf” along the filopodial membrane formed by the target cell, migrating 

across the void from the infected CD4+ T cell to the astrocyte. Both cells form 

complex filopodial interdigitations that trap virions inside the crevices of the 

network. In contrast, in astrocyte-macrophage contact, both cell plasma 

membranes are closely apposed to each other. Virions associated with 

astrocytes can be transferred to another cell using a trans-infection mechanism, 

leading to productive infection. Together, my data agree with published 

observations of astrocytes containing viral products (viral DNA, RNA, viral 

proteins, virions, etc.), harboring virions and later transferring them to other 

cells. However, the evidence from my experiments suggests that astrocytes are 

unlikely to be directly infected. 
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 The strengths of these studies lie in the high resolution optical and EM 

imaging techniques applied to visualize cell-cell interactions combined with 

functional assays to measure viral infectivity, which provide high throughput 

quantitative data for robust statistical analysis. Approaching biological questions 

with multiple techniques reveals the multi-faceted nature of interactions 

between astrocytes and infected cells and provide insight into HIV-1 spread in 

the brain.  

6.2.1 Challenges and future opportunities 

 The main challenge with conducting research on primary brain cells is 

sample availability. I attempted to acquire astrocytes from the brain tissues of 

epileptic patients after a surgical procedure but these cells are fragile and can 

only survive ex vivo for 1 week. There are a variety of immortalized astrocytic 

cell lines available; however, for this thesis I used primary HFA to mimic as 

closely as possible the in vivo situation. Unlike mature astrocytes, HFA are 

primary cells derived from second trimester fetal tissues, thus they are highly 

proliferative and their GFAP expression decrease at later passages. The 

differences between fetal and terminally differentiated mature astrocytes might 

influence the behavior of the cells.  

 Because HFA sources are limited, I could not obtain autologous HFA and 

MDM and T cells for these experiments to avoid potential heterologous donor 

reactions. In other experiments tried to address the limitations of brain 

macrophage source by using iPS cells. Using published protocols from the 

Oxford Stem Cell lab, I derived MDM from iPS cells (347). Although genetically 

similar to primary MDM, iPS-MDM have different morphology; it is not clear how 

this difference might affect HIV-1 permissivity but caution must be taken when 

interpreting experimental data conducted on iPS-derived cells as a model for in 
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vivo processes. However, iPS cells may become a renewable cell source for 

research, especially for cells located in inaccessible tissues, such as the human 

brain. The Oxford Stem Cell lab is also developing a protocol to generate 

astrocytes from iPS cells. I expect that within a few years, it will be possible to 

obtain autologous MDM, T cells, and astrocytes from a single donor using iPS 

cells.  

My data show that HIV-1 binds to astrocytes at least in part by via 

electrostatic interactions that can be blocked by adding negatively charged 

competing polyanion molecules, such as PRO 2000. Previous studies have 

shown that PRO 2000-containing microbicide gels are not effective in 

preventing HIV-1 sexual transmission (367, 368); however, this compound 

might be effective in blocking HIV-1 attachment to astrocytes. For future 

studies, I would test PRO 2000 and other negatively charged molecules, like 

dextran sulfate (489) to determine if they can block HIV-1 binding to astrocytes. 

The combination of antiretroviral drugs (444) and polyanions might effectively 

eliminate persistent viral presence in astrocytes, although in practical terms the 

use of polyanions in the brain may well have major safety issues. In future 

studies I would like to try to define the cell surface molecules implicated in HIV-

1 attachment to the astrocyte surface.  

 Both astrocytes and macrophages are highly heterogeneous in structure 

and function. Tissue-specific differences may influence HIV-1 permissivity and 

transmission across cell-cell contacts. Future studies that include a wider 

variety of astrocytes and CNS-specific perivascular macrophages may provide 

more insight into the mechanism of viral transmission. Along with perivascular 

macrophages, microglia are major targets of HIV-1 in the brain (271, 273, 510). 

I attempted to study viral transfer from microglia to astrocytes but primary 
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microglia can only survive in culture for 1 week and they are morphologically 

and phenotypically similar to macrophages, making it difficult to definitively 

distinguish the two cell types (254, 255, 261). Microglial cell availability from 

brain tissue is limited but this problem may also be resolved with iPS stem cell 

technology.  

 Due to time constraints, I only attempted to inhibit macrophage-astrocyte 

interactions leading to infection. It would be instructive to also test the inhibitors 

on T cell-astrocyte interactions as well. In particular, because the T cell-

astrocyte synapse appears to mediate viral transfer across the filopodial bridge, 

I would test agents that interfere with cytoskeleton structure, such as 

jasplakinolide, cytochalasin, to block synaptic formation and viral migration (96, 

440, 494).  

 Most experiments presented here were conducted in 2D cell monolayer 

but actual cell-cell interactions occur in 3D environments. Future experiments 

can be conducted in 3D cell culture system, ex vivo tissues, or in vivo animal 

models to more closely mimic cellular interactions in the human body. I tried to 

address this problem by obtaining discarded brain tissues after surgical 

operations but these tissues are fragile and degrade quickly within a few days. 

With optimized growth conditions, it will be possible to conduct experiments and 

image cellular behavior in high resolution optical and EM microscopy. Imaging 

brain tissues in correlative FIB-SEM will provide a wealth of information on the  

architecture of the cell-cell contact region. The complexity of the system will be 

multiplied many fold changing from 2D to 3D analysis, especially due to the 

extensive astrocytic contact with neighboring cells (one astrocyte can contact 

tens of thousands of synapses) (263). New technologies will need to be 

developed to address these future challenges. 
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6.3 Conclusion 

 My work here provides novel insight into HIV-1 spread in the brain. 

Although I challenge the prevailing model that astrocytes become infected with 

HIV-1, I also provide an alternative model that is consistent with the published 

findings: astrocytes take up virions and transfer them through trans-infection 

mechanisms. I also present a variety of imaging and biological techniques to 

address fundamental questions about HIV-1 spread in the brain. Many more 

experiments are needed to understand how to reduce or eradicate viral 

reservoirs in the human body. My hope is that future research will enhance the 

quality of life for HIV-1 infected patients and prevent HIV-1 associated 

neurodegeneration. 
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