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ABSTRACT 

 
While combination anti-retroviral therapy (cART) has improved the length and 

quality of life of individuals living with HIV-1 infection, the prevalence of HIV-

associated neurocognitive disorders (HAND) has increased and remains a significant 

clinical concern.  The neuropathogenesis of HAND is not completely understood, 

however, HIV infection in the central nervous system (CNS) and chronic 

neuroinflammation are believed to play a prominent role.  CNS-associated macrophages 

(MΦs) and resident microglia are significant contributors to CNS inflammation and 

constitute the chief reservoir of HIV-1 infection in the CNS.  Previous studies from our 

lab suggest monocyte/MΦ invasion of the CNS in HIV may be driven by altered 

monocyte/MΦ homeostasis.  We have reported expansion of a monocyte subset 

(CD14+CD16+CD163+) in peripheral blood of HIV+ patients that is phenotypically 

similar to MΦs/microglia that accumulate in the CNS as seen in post-mortem tissue.  The 

factors driving the expansion of this monocyte subset are unknown, however, signaling 

through cFMS, a type III receptor tyrosine kinase (RTK), may play a role.   

Macrophage-colony stimulating factor (M-CSF), a ligand of cFMS, has been 

shown to be elevated in the cerebral spinal fluid (CSF) of individuals with the most 

severe form of HAND, HIV-associated dementia (HAD).  M-CSF promotes a MΦ-2-like 

phenotype and increases CD16 and CD163 expression in cultured monocytes.  M-CSF 

has also been shown to increase the susceptibility of MΦs to HIV infection and enhance 

virus production.  These findings, in addition to the known function of M-CSF in 

promoting MΦ survival, supports a role for M-CSF in the development and maintenance 
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of MΦ viral reservoirs in tissues where these cells accumulate, including the CNS.  

Interestingly, a second ligand for cFMS, IL-34, was recently identified and reported to 

share some functions with M-CSF, suggesting that both ligands may contribute to HIV-

associated CNS injury and AIDS pathogenesis.  Through immunohistochemical studies 

using a relevant animal model of HIV infection, SIV infected rhesus macaques, we 

reported the presence of M-CSF and IL-34 in the brains of seronegative and SIV+ 

animals, for the first time, and identified spatial differences in the expression of these 

ligands.  Important to our interest in viral persistence in the CNS, we observed the 

predominance of M-CSF expression in brain to be by cells that comprise perivascular 

cuffs and nodular lesions, which contain monocytes/MΦs that have migrated into the 

CNS.  IL-34 appeared to be a tissue-specific ligand expressed by resident microglia.   

Like M-CSF, we found that IL-34 also increased the frequency of 

CD16+CD163+ monocytes in vitro.  We further investigated the potential of cFMS 

inhibition as a means to abrogate MΦ-2-like immune polarization using the small 

molecule tyrosine kinase inhibitor (TKI), GW2580.  The addition of GW2580 abolished 

cFMS ligand-mediated increases in CD16+CD163+ monocyte frequency in human 

peripheral blood mononuclear cells (PBMC) as well as virus production in HIV infected 

primary human microglia.  Furthermore, we found cFMS-mediated upregulation of CD16 

and CD163 to be relevant to an additional disease process, high-grade astrocytomas, 

suggesting that M-CSF and IL-34 may be mediators of other neuroinflammatory diseases, 

as well.  We hope these findings will provide insight into the role of altered 

monocyte/MΦ homeostasis in HIV disease and identify a novel strategy for targeting 

long-lived cellular reservoirs of HIV infection through restored immune homeostasis. 
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CHAPTER 1 

INTRODUCTION 

1.1  The Monocyte/Macrophage (MΦ) System  

Monocytes are integral to the generation of an appropriate and effective immune 

response.  These bone-marrow derived hematopoietic cells circulate in the peripheral 

blood for 1-3 days before extravasating into tissue [2].  Despite their limited time in 

circulation, monocytes contribute to both innate and adaptive immunity through their 

intrinsic ability to respond to injury, as well as, by serving as precursors to more 

differentiated myeloid cells, including macrophages (MΦs).  Together in their role as 

mononuclear phagocytes, monocytes and MΦs engulf opsonized microbes and debris 

using antibody-mediated mechanisms.  Importantly, monocytes/MΦs also regulate the 

initiation, maintenance, and resolution of immune responses (for review [7]).  Thus, they 

play an essential role in immune homeostasis, ensuring the promotion of an appropriate 

immune response to invading pathogens.  

Monocytes/MΦs are incredibly dynamic cells.  In response to cues from the local 

microenvironment, monocytes/MΦs modify their phenotype, activation status and/or 

functional capabilities  (for review [8]).  This cellular plasticity results in significant 

heterogeneity within the myeloid compartment, promoting the formation of highly 

specialized respondents to specific immunological needs.  Therefore, it is not surprising 

that distinct monocyte/MΦ signatures have been reported in the context of many acute 

and chronic diseases.  These observations have led to the development of classification 
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systems to organize monocytes and MΦs into distinct populations.   

 Although MΦs arise from monocytes, separate classification systems have been 

devised to organize these cells types.  Monocytes are classified based on their expression 

of CD14, a co-receptor for bacterial lipopolysaccharide (LPS) [9], and CD16, a low-

affinity Fcγ receptor that binds to the fragment crystallizable (Fc) region of an 

immunoglobulin G (IgG), when complexed [10].  The presence or absence of CD14 and 

CD16, as well as, the level of expression of these molecules by monocytes are used to 

define specific subsets.  The most widely employed classification system was developed 

by Ziegler-Heitbrock and collegues, which separates monocytes into classical 

(CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14+CD16++) 

populations [11].  Indeed, alternative nomenclature systems exist (Table 1.1), and are 

commonly utilized.   

Monocyte research possesses a few specific challenges.  The use of multiple 

nomenclature systems impedes communication among researchers.  Unconventional 

terms are commonly seen in the literature, thus it is difficult to identify trends.  

Comparison of data is arduous even with the use of traditional terminology, as monocyte 

populations are determined independently using the gating preferences of each 

researcher.  This is particularly an issue when determining monocyte subsets based on the 

level of expression of CD16; two distinct CD16-expressing populations are not always 

discernible.  These difficulties are further complexed by data from functional [12] and 

transcriptional analyses [13] of monocytes that describe three distinct subset profiles 

based on CD14 and CD16 expression.  Because of the lack of consensus in both nosology  
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and analysis, special attention to the author-selected nomenclature should be exercised 

when reviewing the literature.  As such, some researchers, including us, distinguish 

monocytes based on the presence or absence of CD16 and choose not to separate 

populations by the level of expression of CD16 (bright/dim subsets).  

MΦ heterogeneity is organized using a number of functional and phenotypic 

characteristics.  MΦs can be divided into classically activated (MΦ-1) and alternatively 

activated (MΦ-2) subsets based on their ability to promote T helper (TH)1 or TH2 

immunity, respectively [21].  Classically activated, “pro-inflammatory” MΦs secrete 

interleukin (IL)-12, IL-1β, and tumor necrosis factor-α (TNF-α), and support TH1 

responses (for review [22]).  In contrast, “anti-inflammatory” MΦs secrete IL-10 and 

transforming growth factor β (TGFβ), suppress TH1 function and stimulate production of 

TH2 cells [22]).  Further analyses of MΦ-2s have revealed three, or more, distinct MΦ-2 

subsets (MΦ-2a, MΦ-2b and MΦ-2c (for review [23])).  We will only refer to the broader 

MΦ-1/MΦ-2 scheme in this dissertation.  

Monocyte Subsets Reference 
Classical Intermediate Non-Classical [14] 

CD14++CD16- CD14++CD16+ CD14+CD16++ [14] 
CD14brightCD16dim CD14brightCD16dim CD14dimCD16bright [15] 

CD14highCD16- CD14highCD16low CD14highCD16high [16] 
CD14highCD16- CD14highCD16+ CD14lowCD16+ [17] 
CD14+CD16- CD14+CD16+ [18] 
CD14++CD16-  CD14-CD16++ [19] 

  CD14-CD16+ [20] 
Table 1.1.  Monocyte Subset Nomenclature  
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A balance between classical and alternative MΦ activation is necessary for 

appropriate immune function (for review [24]).  For example, classical MΦ-1s contribute 

to the acute immune response in traumatic brain injury [25] and can be found in active 

white matter lesions in multiple sclerosis [26].  While MΦ-2s are important for resolving 

inflammation, inducing tolerance and promoting wound healing (for review [27]), 

increases in this subset are believed to have injurious results in several chronic 

inflammatory conditions.  Importantly, shifting towards MΦ-1 or MΦ-2 is considered a 

IL-12    IL-1β 
TNF-α 

IL-10 
TGFβ 

Figure 1.1.  Simplified Model of Monocytes/MΦs in a Polarized Microenvironment.  
A.  In the presence of specific cytokines and/or colony-stimulating factors, monocytes 
can differentiate into polarized MΦs, including the MΦ-1 and MΦ-2 subsets.  B.  In our 
oversimplified model of MΦ polarization, monocytes differentiate into MΦ-1s in the 
presence of granulocyte macrophage-colony stimulating factor (GM-CSF).  MΦ-1s 
produce IL-12, IL-1β and TNF-α.  Alternatively, MΦs become MΦ-2s when treated with 
MΦ-colony stimulating factor (M-CSF) and/or IL-10 and produce IL-10 and TGFβ. 
Because MΦs are dynamic cells, polarization is reversible in the presence of the 
necessary counter-stimuli (bidirectional green arrows).   
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reversible process in the presence of stimuli that support the counter subset [28, 29].  One 

disease process in which MΦ-2 skewing has been reported is HIV-associated 

neurocognitive disorders (HAND), a central nervous system (CNS) complication of 

human immunodeficiency virus-1 (HIV-1) infection.   

 

1.2  HIV-Related CNS Disease  

1.2.1  HIV-Associated Neurocognitive Disorders (HAND) 

 HAND, a common complication of HIV-1 infection [3], describes the clinical 

findings of a progressive dementia with cognitive, motor and/or behavioral dysfunction 

[30].  It is estimated to affect as many as 50-70% of patients with HIV, including those 

“successfully” controlling virus with combination antiretroviral therapy (cART), where 

plasma viral load remains below the level of detection [31].  As such, HAND remains a 

clinical concern in HIV treatment.  HAND is an “umbrella” term that refers to three 

levels of neurocognitive impairment: asymptomatic neurocognitive impairment (ANI), 

HIV-associated mild neurocognitive 

impairment (MND) and HIV-

associated dementia (HAD) [30].  

These subgroups are based on 

individual performance on 

neuropsychological tests that assess 

function within different cognitive 

domains.  Frequently tested cognitive Figure 1.2.  The Levels of HAND (adapted from [3]). 
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domains may include, but are not limited to attention, memory and speed of information 

processing, which can be tested using Trail Making A and B, Rey Auditory Verbal 

Learning Test and Digit Symbol Substitution on the Wechsler Adult Intelligence Scale-

Revised, respectively [32].  

ANI is the least severe form of HAND.  This subgroup is characterized by 

performance at least one standard deviation (SD) below the mean in neuropsychological 

testing in two cognitive domains.  Despite this lower functioning, individuals with ANI 

retain the ability to carry out their activities of daily living.  They may, however, function 

below that of their baseline.  MND is also defined by testing at least one SD below the 

mean in at least two cognitive domains.  In contrast to ANI, individuals with MND have 

mild to moderate cognitive impairment.  Persons with MND have mild difficulty in 

completing their activities of daily living and may display motor dysfunction.  Patients 

with HAD, the most advanced degree of HAND, have moderate to severe cognitive 

impairment, which can progress to coma and death.  Here, patients score at least two SD 

below the mean in neurocognitive testing in at least two cognitive domains.  Individuals 

with HAD have a marked difficulty with carrying out activities of daily living, as well as, 

motor symptoms that may include incoordination, weakness and paresis [30].  Although 

these terms have been devised to help define the severity of cognitive impairment in HIV 

infection, a spectrum of dysfunction likely exists instead of discrete stages, as outlined 

above.  

The neuropathogenesis of HAND is not completely understood; however, infected 

and non-infected, activated MΦs in the brain are believed to play a prominent role in its 
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development and progression (for review [33]).  Activated MΦs are believed to 

contribute to neuronal injury through secretion of viral proteins and soluble factors [34-

36].  Furthermore, it has been proposed that virus entry into the CNS is due largely to 

trafficking of HIV-1 infected peripheral monocytes/MΦs [37]; however, contributions by 

lymphocytes have also been reported [38] .  Consequently, monocyte/MΦs are important 

to the downstream direct and indirect effects of the HIV-1 virus on cognitive function. 

 

1.2.2  HIV Encephalitis (HIVE) 

 Although associated pathological changes in the CNS have yet to be fully 

described in ANI and MND, HIV encephalitis (HIVE) is a known histopathologic 

correlate of HAD [39].  The pathologic hallmarks of HIVE include microglial nodules, 

MΦ accumulation and perivascular cuffs, which contain activated MΦs [40].  

Accordingly, total brain MΦs are dramatically increased in HIVE, without additional 

evidence of local proliferation by these cells [41, 42] and are productively infected with 

HIV-1 [43-46].  Importantly, the accumulation of myeloid cells within the CNS has been 

one of the most accurate markers to correlate with the degree of cognitive impairment in 

HIV infection, to date [41].  

 

1.2.3  Immune Polarization in HIV Infection and HAND  

 Our previous work suggests the monocyte/MΦ system is altered in HIV, with 

polarization toward the MΦ-2 phenotype [33].  Latent HIV infection in tissue MΦs likely 

contributes to MΦ-2 polarization through low level virus replication, as well as, chronic 
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immune activation that results from viral persistence, even in the context of cART [47].  

As mentioned, MΦ-2s produce anti-inflammatory cytokines, such as IL-10, in response 

to activating stimuli, and little IL-12 upon activation, potentially impairing CD4+ and 

CD8+ T cell responses.  IL-12 can differentiate naïve T cells and promote T cell 

proliferation, playing a key role in the development of TH1 immune responses, CD8+ T 

cells and natural killer (NK) cells (for review [48]).  Because of the immunomodulatory 

effects generated by MΦ-2s, skewing MΦ activation to the MΦ-2 phenotype could 

impair the host’s ability to control infectious pathogens and contribute to acquired 

immunodeficiency syndrome (AIDS) pathogenesis and the progression of HIV-related 

pathologies, including HAND.  Our laboratory has been interested in understanding 

immune polarization, and specifically, the role of monocytes/MΦs that express CD163 

and CD16 in the pathogenesis of HAND.  

 

1.3  CD163: A Scavenger Receptor  

In 2001, CD163 was identified as the receptor for hemoglobin-haptoglobin 

complexes [49].  It is a scavenger receptor that is thought to be exclusively expressed by 

monocytes and some tissue MΦs [50, 51].  Expression of CD163 has been used to 

phenotypically identify MΦ-2 from other MΦ activation states [52-57].  This is 

evidenced by IL-10 production in human monocytes and MΦs following activation of 

CD163 [58, 59].  Further, CD163 expression by monocytes may contribute to the 

invasiveness of these cells, as it has been demonstrated to enhance monocyte adherence 

to activated endothelial cells [60].  In essence, CD163 helps to identify type MΦ-2s, as 
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well as, a mature, and potentially invasive, subset of peripheral blood monocytes.  

As mentioned, significant myeloid cell accumulation is a hallmark of HIVE.  

Through post-mortem analyses of CNS tissue from HIV-infected humans and simian 

immunodeficiency deficiency (SIV)+ rhesus macaques with encephalitis, CD163+ cells 

accumulate perivascularly and within the brain parenchyma [33], as well as, other tissues 

[61].  Congruent with the predilection of HIV for mature myeloid cells, CD163 

expression positively correlates with HIV infectivity of human MΦs in vitro [62].   In the 

CNS of patients with HIVE, CD163+ cells harbor a significant amount of productive 

virus, specifically in the perivascular cuffs and microglial nodules [63].  Thus, CD163+ 

monocyte/MΦs that accumulate in the CNS in HIV infection may produce 

immunosuppressive cytokines that support a viral reservoir, as well as, sustained immune 

polarization in the CNS.  

 

1.4  The Low-Affinity Fcγ  Receptor, CD16 

As mentioned, CD16 (FcγRIIIA; FCGR3A, low affinity IIIa receptor) is a low-

affinity receptor that binds to the Fc region of a complexed IgG.  Fc receptors are 

specialized membrane-bound proteins that recognize and bind to circulating immune 

complexes (CIC) or aggregates of immunoglobulins that often form during microbial 

challenge, as in HIV infection or an autoimmune response [64, 65].  Under normal 

physiologic conditions, monocytes and other phagocytic cells clear CIC from circulation 

before they are able to aggregate [66].  When the processes of production and clearance 

of CICs become uncoupled, CIC may accumulate in the peripheral blood and tissues.  To 
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aid in clearance of CIC, monocytes express all three Fcγ receptors; CD16, CD32 and 

CD64.  These receptors specifically recognize immunoglobulins of the IgG isotype.  Fcγ 

receptors differ from each other by their relative affinity for IgG and preference for 

binding specific IgG subtypes (for review [67]).  Activation of these receptors leads to 

modulation of function and activation status of the monocyte based upon which Fcγ 

receptors are activated and expressed.  Specifically, the CD16+ monocyte subset has been 

reported to expand in many inflammatory processes (Table 1.2).  Because little is known 

about this receptor as it is expressed by monocytes, the role of CD16 in inflammation 

warrants further investigation.  CD16 exists in two forms, CD16A and CD16B (discussed 

below).  CD16A is the only form expressed by monocytes. 

 

  1.4.1  Expression of CD16A 

CD16A is reportedly expressed by both immune and non-immune cells (Table 

1.3).  As mentioned, due to their important role in the innate immune response, it is not 

surprising that monocytes express almost every type of Fcγ receptor [68].  Despite early 

reports that CD16A was not expressed ex vivo in human monocytes [69-71] it is now 

widely accepted that this low-affinity Fcγ receptor is present on at least one subset of 

monocytes with variable expression between individuals, as well as, among different 

inflammatory processes [63, 72-75].  The inconsistency between the original literature of 

the 1980’s and current reports may be due to invention of several monoclonal antibodies 

that target various clones of CD16 [76, 77].  Unlike isolated human peripheral blood 

monocytes, CD16A is not expressed by the myelomonocytic cell lines; THP-1, U937 and 
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Expansion of CD16+ Monocyte Subsets in Disease 
Abdominal aortic aneurysm [78] 
Acute pancreatitis [79]  
Alveolar proteinosis [80] 
Asthma [81] 
Atopic eczema [82] 
Cholangiocarcinoma [83] 
Chronic kidney disease [84] 
Chronic liver disease [85-87] 
Chronic periodontitis [88, 89] 
Common variable immunodeficiency disorders [90] 
Complex regional pain syndrome [91] 
Congestive heart failure [78, 92] 
Coronary artery disease [75, 93] 
Crohn’s disease [94] 
Cutaneous leishmaniasis [95] 
Eczema herpeticum [96]  
Erysipelas [97] 
Hemolytic uremic syndrome [98] 
Hemophagocytic lymphohistiocytosis [99] 
Human immunodeficiency virus infection [100-102] 
HIV-associated lipoatrophy [103] 
Kawasaki disease [104, 105]  
Peripheral arterial disease [106] 
Pre-eclampsia [107]  
Primary Sjogren’s syndrome [108, 109] 
Psoriatic arthritis [110] 
Rheumatoid arthritis [111-113] 
Sarcoidosis [114-116]  
Spontaneous amyotrophic lateral sclerosis [117] 
Stroke [118, 119] 
Systemic sclerosis [120] 
Tuberculosis [121]  
Type 1 diabetes mellitus [122] 

 

 

 

 

Table 1.2.  Expansion of CD16+ Monocyte Subsets in Disease.  Table entries include 
selected reports of increased CD16dim and/or CD16bright monocyte frequency in human 
peripheral venous blood.  Selected studies vary in study design and include case 
reports, observational studies and large multicenter projects.  In most studies, subjects 
were of similar backgrounds, thus data may reflect regional and population-specific 
findings.   
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HL-60 [77, 123, 124].  Similarly, there are no reports in the literature demonstrating 

expression of CD16 by the mature monocyte cell line, Mono Mac 6, or its less developed 

counterpart, Mono Mac 1 [125, 126].  Hence, the study of CD16A in monocytes requires 

freshly isolated peripheral blood mononuclear cells and understanding of intra-donor and 

inter-donor variability.  Thus, characterizing and defining the role of the CD16+ 

monocyte subset is a technical challenge.   

Like their precursors, monocyte-derived cells may also express CD16A.  Animal 

models have demonstrated that circulating monocytes enter tissue after three days 

following release from the bone marrow [127].  In the presence of a discrete combination 

of ligands and/or colony-stimulating factors, these cells can develop into MΦs and 

become site-specific subsets.  Studies using normal post-mortem and surgical human 

tissue samples demonstrate expression of CD16A by Hofbauer cells of the placenta [128-

130], Kupffer cells of the liver [131], alveolar MΦs in the lungs [131, 132] and 

histiocytes in the red pulp of the spleen [131].  Whether expression of this receptor 

correlates directly with migration of CD16+ monocytes out of peripheral circulation into 

tissue or the upregulation of specific cytokines is still unknown and, perhaps, tissue-

specific.  For example, microglia, although not derived directly from monocytes, arise 

from progenitor cells from the embryonic yolk sac and migrate to the CNS around the 

time of birth [133].  CD16 may be expressed at low levels by these cells under normal 

physiological conditions, however, this marker is upregulated by microglia in CNS tissue 

from individuals with HIVE [101, 134].   While it has been shown that several  
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Human Cells Reported to Express CD16 in the Absence of Disease 

Cell Type Target and Method of Detection 

Alveolar MΦs 
3G8- IHC (frozen tissue) [135, 136] 
Leu-11c- FC (pleural MΦs- CD14+ cells) [137] 
My23 and VEP13- IHC (frozen tissue) [138] 

     Chorionic villi Leu-11b- IHC (frozen tissue) [139] 
Clone unknown- IHC (frozen tissue) [140] 

Dendritic cells 

3G8- FC (PBMC- Ficoll isolation with α-M-DC8a immunomagnetic bead separation) [141]  
Leu-11a- FC (PBMC- FACS/MACS column/marker-specific depletion for HLA-DR+CD3-CD14-CD11b-CD19-       

CD56+ cells) [142] 
Leu-11c- FC (PBMC- HLA-DR+CD3-CD14-CD19-CD56- cells) [143]; (PBMC- FACS/MACS column/marker- 
     specific depletion for HLA-DR+CD3-CD14-CD11b-CD19- CD56+ cells) [142] 

Dermal MΦs 3G8- IHC (frozen tissue) [136] 

Endothelium 
3G8- IHC (frozen tissue) [144] 
Leu-11b- IHC (frozen tissue) [139, 145] 
My23 and VEP13- IHC (frozen tissue) [138] 

Hofbauer cellsb 3G8- IHC (frozen tissue) [135, 136] 
CLB-Gran1 and Leu-11c- IHC (frozen tissue) [135] 

Kupffer cellsc 3G8- IHC (frozen tissue) [136] 
My23 and VEP13- IHC (frozen tissue) [138] 

Mesangial cellsd 

3G8- WB and ELISA (cultured glomerular mesangial cell line) [146] 
CD16A cRNA – In situ hybridization (cultured glomerular mesangial cell line) [146] 
CD16A-specific primer- PCR (cultured glomerular mesangial cell line) [146, 147] 
CD16A-specific oligonucleotide- slot-blot analysis (cultured glomerular mesangial cell line) [147]; SB (cultured      
      glomerular mesangial cell line) [146, 147] 
CLB-Gran1- WB and IC (cultured glomerular mesangial cell line) [147] 

Microgliae 3G8- IHC (frozen tissue); IF (microglial cell culture) [144] 

Monocytesf 
(Isolated from 

peripheral blood) 

3G8- FC (PBMC- Ficoll Isolation) [101], (RBC depleted leukocytes- whole blood RBC lysis) [137] 
Leu-11c- FC (PBMC- Ficoll isolation) [148], (RBC depleted leukocytes- whole blood RBC lysis) [137] 
CD16A-specific oligonucleotide- slot-blot analysis (PBMC- Ficoll isolation) [148] 
CD16A-specific primer- PCR (PBMC- Ficoll isolation) [148] 

Monocytes 
(Intravascular 

umbilical cord cells) 
3G8- IHC (frozen tissue) [136] 

NK cells 

3G8- FC (PBMC-CD56+ cells gated on scatter) [149] 
CB16- FC (NK-like cell line YT) [150] 
CD16A-specific oligonucleotide- SB (isolated NK cells) [146]; slot-blot analysis (isolated NK cells) [147] 
Leu-11g- FC (NK cell line) [6] 
pCD16- RNA blot hybridization (PBMC- enriched CD16+HNK-1+h cells) [151] 
CB16- FC (NK-like cell line YT) [150] 

Pericardial MΦs 3G8- IHC (frozen tissue) [136] 
Salivary gland 

MΦs 
3G8- IHC (frozen tissue) [136] 

Sebaceous gland 
epithelium 3G8- IHC (frozen tissue) [135] 

Schwann cellse Leu-11b- IHC (frozen tissue) [139, 145]  

Splenic histiocytes My23- IHC (frozen tissue) [138] 
VEP13- IHC (frozen tissue) [138]  

Synovial MΦs 3G8- IHC (frozen tissue) [136] 

Trophoblastse 3G8- IHC (frozen tissue) [135, 139] 
Clone unknown- IHC (frozen issue) [140] 

αβ  T-lymphocytes 3G8- FC (isolated from PBMC) [149] 
DJ130c- FC (isolated from PBMC) [152] 

γδ  T-lymphocytes 3G8- FC (isolated from PBMC) [149] 
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myeloid-derived cell types express CD16A, this expression may be upregulated in the 

presence of disease.  This suggests that immunological signals from the local cytokine 

environment may play an important role in the regulation of CD16A expression.  

Table 1.3.  CD16 Expression.  Human cell types reported to express CD16 (FcγRIII) 
in the absence of disease.  Supporting data is grouped by CD16 clone/target.  Due to the 
lack Fcγ receptor homology between humans and murine models, included data have 
been collected from studies utilizing primary human cells, human tissue from post-
mortem autopsy or biopsy and human cell lines.  The expression of CD16 may be 
limited to a single subset within each cell type.  Of note, the amount of available 
evidence is variable among table entries and in some cases may even be limited to a 
single study.  Further, entries listed in red have accompanying functional evidence that 
supports expression of CD16A isoform, specifically.  Entries listed in blue reportedly 
express CD16; however, references cited here do not present isoform-specific data.  
Please note that cell types that express CD16B, exclusively, have been omitted from the 
table (e.g. neutrophils). 
aM-DC8 is a leukocyte marker expressed by a subset of human dendritic cells and is 
reportedly related to CD14+CD16++ monocytes [5].  
bHofbauer cells are thought to be MΦ-like cells of the placenta.  
cKupffer cells are specialized MΦs of the liver.  
dFindings are limited to in vitro studies.  Cultured cells resemble activated mesangial 
cells phenotypically, thus CD16 expression may only be present in disease in this cell 
type.   
eExpression of CD16 in these cell types is controversial.  Either evidence exists that 
supports and refutes CD16 expression or it is detected with some, but not all CD16 
clones.  Further clarification is imperative to determine the phenotype of these cells 
types under normal physiologic conditions.  
fMonocytes isolated from peripheral blood are defined as CD14+ cells by the referenced 
studies.  
gLeu clone- specific subtype not documented [6]. 
hHNK-1 (Human Natural Killer-1) is a carbohydrate present on a subset of NK cells.   
CD16 clones:  3G8, CB16, CLB-Gran1, DJ130c, Leu-11a, Leu-11b, Leu-11c, My23, 
pCD16, VEP13; none of these reliably distinguish between the CD16 isoforms. 
Abbreviations:  MΦ= macrophage;  IHC= immunohistochemistry;  FC= flow 
cytometry;  PBMC= peripheral blood mononuclear cells;  FACS= fluorescence-
activated cell sorting;  MACS= magnetic-activated cell sorting;  WB= western blot;  
ELISA= enzyme-linked immunosorbent assay;  PCR= polymerase chain reaction;  
cRNA= complementary RNA;  SB= southern blot;   IC= immunocytochemistry;  IF= 
immunofluorescence;  NK cells= Natural Killer cells;  RBC= red blood cell 
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1.4.2  Structure and Signaling of CD16 in Monocytes  

Structural differences in CD16 among cell types led to the discovery that it 

existed as two similar, but distinct receptors.  CD16A, the form of the receptor that is 

present on monocytes and NK cells, was recognized through functional comparison of 

CD16+ leukocytes in patients with paroxysmal nocturnal hemoglobinuria (PNH) [153, 

154].  Individuals with PNH have a deficiency of glycosylphosphatidylinositol-anchored 

proteins (GPI-APs), affecting cell membrane receptors that use GPI to anchor to the 

plasma membrane [155].  Clinically, this deficiency results in intravascular hemolysis 

due to unhalted complement activity which reflects the loss of an isoform of the 

complement-inactivating glycoprotein, CD56, and impaired innate immunity due to the 

absence of CD16B and other GPI-APs on neutrophils [153, 156].  Surprisingly, analysis 

of the peripheral blood of patients with PNH indicated the presence of a functional 

CD16+ monocyte population [154].  Because the expression of CD16 was seemingly 

conserved in monocytes despite the absence of GPI-APs, it suggested this cell type was 

anchored to the cell membrane by an alternative mechanism that was independent of GPI.  

This observation lead to the identification of CD16A, a transmembrane glycoprotein with 

an associated Fc receptor common γ-chain [154].  

Few studies have investigated the structure of CD16A in monocytes beyond its 

membrane anchorage.  The information that is known about the organization of CD16A 

has been inferred from studies looking at the related Fcγ Receptors (FcγRs) and CD16B, 

which has an extracellular domain that is 97% homologous to CD16A [157].  CD16A is a 

type 1 transmembrane protein, with an intracellular carboxy-terminus and an extracellular 
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amino terminus [154].  Two immunoglobulin-like domains, domain 1 (D1) and domain 2 

(D2), comprise the 55 kDa extracellular ligand binding α-chain, conferring its 

membership to the immunoglobulin receptor superfamily [158].  These two domains may 

be linked together by a hinge region similar to what is found in CD16B+ human 

neutrophils.  Crystallographic analysis using expression plasmids of CD16B found D1 

and D2 to meet at a 50-55° angle [159].  It is at this hinge region that the receptor may 

interact with the Fc portion of specific subclasses of IgG [159].  This low-affinity Fcγ 

receptor is reported to transect the plasma membrane with a single helical glycoprotein 

(for review [160]).  The short intracellular domain of the α-chain of CD16A has been 

demonstrated to be void of catalytic activity [161].  Thus, an additional associated 

adaptor protein is required for signal transduction from this receptor.   

The Fcγ receptors, CD16, CD32 and CD64, differ in the structure of their 

extracellular ligand-associating component, or α-chain.  Interaction of any of these 

receptors with their conjugate ligands, notably CIC, may lead to downstream effects 

through one of a few associated membrane-spanning adaptor proteins.  In fact, it is this 

protein-protein interaction between the α-chain and its associated connector protein that 

constitutes the vast majority of structural and signaling disparity between CD16B and 

CD16A [154, 157].  As it relates to CD16A, specifically, the cell-type of receptor 

expression is a necessary determinant of the identity of the adaptor protein used.  The γ-

chain, common to all activating Fcγ receptors with the exception of CD16B [162],  is also 

known as the high-affinity receptor for immunoglobulin E, or FcεRI [163].  Studies using 

human peripheral blood monocytes have demonstrated an exclusive requirement for a γ-
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chain homodimer for signaling to intracellular second messengers following activation of 

the CD16A receptor [161-163].  NK cells express CD16A, however, they may relay 

signals to the intracellular compartment through either the CD3 ζ-chain, a component of 

the T cell receptor complex, or the γ-chain [164, 165].  The γ-chain is also important for 

the membrane expression of the receptor, as its association with CD16A is required for 

cell surface expression in transfected COS-1 cells [166].  The COS-1 cell line does not 

endogenously express any of the three human Fcγ receptors [167-169].  This cell line is a 

suitable in vitro model to investigate the function of isolated CD16A; however, its 

application and relevance to overall human monocytes may be questionable in the 

absence of the other three Fcγ receptor types.    

The γ-chain homodimer consists of a short extracellular domain and spans the cell 

membrane with a catalytic intracellular component.  The transmembrane portion of the γ-

chain consist of a 21 amino acid sequence, thought to take on an α-helical structure 

similar to the transmembrane component of the α-chain [163].  Each γ-chain has 

conserved tyrosine containing sequence YXXL motifs, with “X” representing any non-

tyrosine, non-leucine amino acid [170].  Here, several tyrosine residues are believed to 

become phosphorylated following ligation and/or activation of CD16A.  The combination 

of two YXXL sequences have been termed the immunoreceptor tyrosine-based activation 

motif, or ITAM [171].  ITAMs are also common to the cytoplasmic portion of other 

adaptor proteins involved in immune function including DNAX activation protein-12 

(DAP12) and the CD3 ζ-chain, as seen to be involved in CD16A receptor signaling in 

NK cells [170].  In vitro studies in CD16A transfected COS-1 cells, demonstrate the 
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requirement of phosphorylation of two YXXL sequences per γ-chain for cell signaling 

and subsequent phagocytosis [172].  The two tyrosine containing-sequences are separated 

by a stretch of 7 amino acids that may vary in identity and currently have an unknown 

function [172].  In vitro studies using CD16A transfected COS-1 cells, demonstrate that 

autophosphorylation of specific tyrosines within the ITAM region of both of the γ-chains 

of a homodimer is required for the downstream activation of secondary messaging 

systems involved in phagocytosis [173].  Similar, studies with primary human monocytes 

support these in vitro findings in COS-1 cells [173].   

A few protein kinases have been specifically identified to be involved in the 

signaling cascade following activation of CD16A.  After phosphorylation of the ITAM, 

two Src homology 2 (SH2) domains are created [172, 174].  In CD16A transfected COS-

1 cells, spleen tyrosine kinase (Syk) has been shown to bind to the phosphorylated ITAM 

sequences [170, 175].  Further, this interaction has been reported to be necessary for 

signal transduction and subsequent phagocytic activity in in vitro studies using human 

monocyte-derived-MΦ (MDM) [170]. This has been evidenced by results of 

immunoprecipitation studies in MDM which identify Syk as a binding partner of the γ-

subunit of CD16A [176].  

Two second messengers of CD16A signaling in this cascade have been reportedly 

identified; p95vav and p62 [176, 177].  P95vav is the protein product of the proto-

oncogene, vav, that has been found to be involved in signaling of other immune receptors 

including type 1 interferon receptors [178, 179].   The p21Ras-GAP associated protein, 

p62, has been suggested to be involved in autophagy in monocytes/MΦ, yet the details of 
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the possible relationship have yet to be fully elucidated [180].  In vitro studies utilizing 

the mouse monocyte/MΦ cell line, P388D1, transfected with human CD16A reveal 

phosphorylation of a different protein kinase, ζ-chain associated protein kinase 70 (ZAP-

70) [181].  ZAP-70 may have a similar role to Syk after activation of CD64 in 

monocytes, yet no studies have described a role of ZAP-70 in CD16A signaling [177].  

To our knowledge, few studies have investigated signal transduction through 

CD16A in human peripheral blood monocytes or MDM.  Thus, information regarding 

signaling through this receptor is extremely limited.  The mitogen-activated protein 

kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways appear to be 

involved, but may function in opposition to each other.  Through the use of MAPK 

inhibitors, in vitro studies using human peripheral blood monocytes have demonstrated a 

decrease in the production of TNF-α following stimulation with immune complexes 

[182].  Unlike other Fcγ receptors that require cytokines in addition to cross-linking for 

activation, CD16A may produce TNF-α after ligation and independent of additional 

soluble factors.  Hence, this increase in TNF-α may reflect activation status of CD16+ 

monocytes, provided cytokines induced by cross-linking are not responsible for the 

upregulation of this pro-inflammatory cytokine.  Unlike MAPK, PI3K pathway inhibition 

reportedly increased the amount of TNF-α found in the supernatant of cultured 

monocytes through glycogen synthase kinase-β (GSK-3β) and nuclear factor κ-light 

chain enhancer of activated B cells (NF-κB) [182].  Regardless of upstream activity, a 

late component of the cascade is thought to involve a rise in intracellular calcium 

following phosphorylation of ITAM tyrosines in COS-1 CD16A transfected cells [173]. 
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Non-immune complex stimuli may induce intracellular signaling cascades in 

monocytes, as well.  Results from in vitro investigations of crosstalk between CD16A 

and toll-like receptor 4 (TLR4) suggest that this toll-like receptor is required for signaling 

through CD16 in murine monocytes [183].  These studies examined the CD16A murine 

receptor, which is structurally similar to the human receptor but possesses a markedly 

different affinity profile for IgG isotypes  (for review [67]).  Thus, this relationship 

between the adaptive and innate immune response should be further explored specifically 

in human monocytes. 

Not all signals through CD16A ITAM phosphorylation are activating.  Despite the 

nomenclature, recent studies suggest that ITAMs may also have inhibitory activity after 

exposure to some ligands.  Escherichia coli has been reported to interact with human 

monocytes through CD16A to decrease phagocytosis, allowing for continued survival of 

this pathogen [184].  Similarly, intravenous immunoglobulin G (IVIG) has been shown to 

induce an inhibitory signal through the ITAM [185].  These signals are similar to that of 

CD32B, which is the only reported immunoreceptor tyrosine-based inhibiting motif 

(ITIM) [186].  Studies examining the relationship between CD32B and the activation of a 

different ITAM containing Fcγ receptor, CD32A, in COS-1 cells suggests that CD32B 

may inhibit activating signals through Fcγ receptors via an SH2-containing tyrosine 

phosphatase-1 (SHP-1) and SH2-domain–containing 5-inositol phosphatase (SHIP) 

mediated mechanisms [187].   Modulation of ITAM activation by SHIP is thought to  
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involve dephosphorylation of PIP3 in murine B cell lines [186, 188].  Two ways that 

SHP-1 has been proposed to inhibit phagocytosis in other cell systems are through direct 

effects at the level of or downstream of Syk [189] and/or ZAP-70 activation [190].  The 

Figure 1.3.  Ligation of CD16A in Human Monocytes.  Figure data are derived 
from existing studies investigating CD16A signal transduction in human cells. 
Pathway components denoted with “?’s” indicate portions of the cascade that have 
been determined through studies using non-monocyte CD16A-expressing cell types 
(e.g. natural killer (NK) cells, transfected COS-1 cells) or findings that are supported 
by a limited amount of evidence.  These areas require further study.  Panel A. 
Reported and/or proposed signal transduction through the type 1 transmembrane 
protein, CD16A (left).  Similar signaling may occur simultaneously through secondary 
messengers activated by additional cross-linked Fcγ receptors (lightly shaded form on 
right); however, only one CD16A receptor has been labeled in the panel for clarity. 
The fragment crystallizable (fc) region of an immunoglobulin G (IgG) binds to 
CD16A at its hinge region, which is situated between domain 1 (D1) and domain 2 
(D2) of the extracellular CD16A α-chain.  CD16A communicates with a γ-chain 
homodimer, which propagates the extracellular stimuli to intracellular secondary 
messengers through an unknown mechanism.  Upon activation, both γ-chains are 
phosphorylated at their respective immunoreceptor tyrosine-based activation motifs 
(ITAMs).  Multiple secondary messaging systems are likely to become activated at 
this point, yet the identity of most of these intermediates is unknown in this specific 
cell type.  Spleen tyrosine kinase (Syk) and ζ-chain associated protein kinase 70 (ZAP-
70), both Syk family tyrosine kinases, are thought to be involved.  Activation of 
CD16A may eventually result in phagocytosis, antibody-dependent cell-mediated 
cytotoxicity (ADCC) and/or secretion of cytokines and other soluble factors.  Panel B. 
The signaling and functional outcomes following ligation of CD16A with monomeric 
IgG is currently unknown in human monocytes.  Panel C.  The activation of CD16A in 
conjunction with other Fcγ receptions has not been well studied in this cell type.  Like 
CD16A, almost all Fcγ receptors contain ITAMs.  One exception is CD32B, which 
signals via an immunoreceptor tyrosine-based inhibitory motif (ITIM), that is 
speculated to be involved in the deactivation of downstream ITAM signaling.  The net 
outcome of activating and/or inhibitory signaling from cross-linked Fcγ receptors is 
not well understood in human monocytes, but may lead to dramatic functional 
alternations in this cell type.  Abbreviations: SH2 Domain- Src homology domain 2; 
GSK-3β- glycogen synthase kinase-3β; PI3K- phosphoinositide 3-kinase; MAPK- 
mitogen-activated protein kinase; NF-κβ- nuclear factor κ-light chain enhancer of 
activated B cells 
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seemingly dual nature of activating and inhibiting activity following tyrosine-

phosphorylation of the ITAM, further highlights a need for targeted investigation of the 

process of ligation and signaling of CD16A in monocytes in the presence of other 

receptors.  Upon review, it is apparent that the vast majority of information we currently 

use to describe CD16A structure and signal transduction in monocytes assumes that the 

receptor is similar to other FcγRs.  In light of pathogen-specific ligand interactions and 

the known discrepancy in cell-type protein kinase repertoires, it is clear that future studies 

with monocytes are needed to further characterize CD16A signal transduction.  Because 

CD16A is the only form of CD16 expressed by monocytes, CD16A will henceforth be 

referred to as CD16 for the remainder of this dissertation. 

 

1.4.3  CD16 in HIV Infection and Cognitive Performance  

 Many reports have connected CD16 expression by monocytes/MΦs with HIV-1 

infection.  Because CD16+ monocytes are believed to be a mature population that behave 

similarly to tissue MΦs [191] and express higher levels of C-C chemokine receptor type 

5 (CCR5) [192], it is not surprising that CD16+ monocytes appear to be the major source 

of HIV proviral DNA in the overall monocyte population [193, 194].  Further, HIV DNA 

harbored in the monocyte lineage appears to be a predictor of the development of CNS 

disease in both cART-naïve [194] and cART-treated patients [193], presumably because 

HIV infected monocytes/MΦs are insensitive to cART therapeutic intervention. 

Importantly, in patients with HAD initiating cART, failure to clear HIV monocyte DNA 

is associated with persistent cognitive impairment [195].  Of particular interest is the 
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finding that the frequency of CD16+ monocytes in patients with AIDS is greater than in 

seronegative individuals, with even greater expansion of this monocyte subset in patients 

with HAD [196].  Together, these data suggest that a relationship between HIV-1 and 

CD16 clearly does exist; however, the role of CD16+ monocytes in HIV infection is still 

under investigation.  

 

1.5  CD16+CD163+ Monocytes  

As mentioned, previous studies conducted by our laboratory found that the MΦs 

that accumulate in the CNS in HIVE are CD163+ [33].  Further investigation using 

double-immunofluorescence demonstrates that these cells also express CD16 [33].  

Because both of these markers can be identified on some populations of monocytes, our 

laboratory examined the peripheral blood of HIV-1 infected individuals.  We found the 

CD16+CD163+ monocyte subset is expanded in HIV-1-seropositive patients with 

detectable viremia [63].  The increased frequency of CD16+CD163+ monocytes correlates 

positively with the viral load and negatively with CD4+ count in patients with less than 

450 CD4+ T cells/µL.  Together, these data suggest that the CD16+CD163+ monocyte 

subset may be significant to HIV infection, as well as, to the development and/or 

progression of CNS disease and, as such, may be a relevant biomarker and a potential 

therapeutic target.  These earlier studies highlighted the need to identify the driving force 

behind the expansion of the CD16+CD163+ monocyte subset.  One potential factor is   

MΦ-colony stimulating factor, or M-CSF.   
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1.6  MΦ-colony Stimulating Factor (M-CSF)   

 M-CSF is a hematopoietic growth factor with significant extra-hematopoietic 

activity.  It is encoded by the CSF1 gene on human chromosome 1 at positions p13-

p212 [197].  In its role as a colony-stimulating factor, it is involved in many aspects of 

monocyte and MΦ functioning, such as, survival, proliferation, migration and 

differentiation (for review [4]).  Many cells produce M-CSF, including; monocytes, 

MΦs, fibroblasts, endothelial cells, thymic and uterine epithelial cells and osteoblasts 

[198].  Importantly, it is a strong promoter of the MΦ-2 population [199].  As such, 

CD163 expression is induced in human monocytes [197] and MΦs [198] when cultured 

with recombinant human (rh)M-CSF.  Further, CD16 is upregulated by monocytes when 

exposed to rhM-CSF in vitro [197] and when administered intravenously to healthy 

human subjects [200, 201].  Thus, M-CSF possesses the ability to upregulate both CD16 

and CD163 in human myeloid cells.   

 Increased M-CSF expression has been associated with HIV-1 infection.  M-CSF 

was found to be increased in the cerebral spinal fluid (CSF) of individuals infected with 

HIV-1 [202, 203].  It supports HIV-1 replication, as it has been demonstrated to enhance 

virus production in myeloid cells through upregulating the transcription factor, CCAAT-

enhancer-binding protein β (C/EBPβ), which acts on the HIV-1 promoter [204].  Further, 

M-CSF facilitates HIV-1 infection of monocytes and MΦs by increasing CD4 and CCR5 

expression by these cells, which the virus uses for cell entry [205, 206].   M-CSF also 

enhances the expression of the β-chemokines, MΦ inflammatory protein 1-α (MIP-1α) 

and MΦ inflammatory protein 1-β (MIP-1β) [207], which may also increase infection 
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indirectly, through recruitment of uninfected cells to areas where they are more likely to 

be infected [208].  M-CSF also likely plays an important role in developing a long-lived 

cellular reservoir of HIV-1 in tissues, including the brain, because of its role in promoting 

survival [209].  Together, these findings identify several ways that M-CSF supports viral 

propagation in myeloid cells.  

 As mentioned, persistent infection of MΦs contributes significantly to reservoirs 

of HIV in tissues where these cells accumulate, including the CNS, which presents a 

major obstacle in virus eradication.  M-CSF presumably contributes to the development 

and maintenance of the MΦ viral reservoir and development of HAND, through its action 

as a monocyte/MΦ differentiation and survival factor.  M-CSF also has immune 

regulatory/tolerogenic effects exerted through myeloid differentiation pathways that may 

subvert immune surveillance.  It is, therefore, likely that M-CSF may contribute to 

immune dysregulation in HIV and AIDS progression through altered immune 

polarization of the innate and, consequently, adaptive immune systems.  Hence, targeting 

the M-CSF receptor, cFMS, would be a potential therapeutic strategy to eradicate HIV 

reservoirs in the CNS.  

 

1.7  cFMS  

Cfms is the human homolog of the viral oncogene, vfms, identified within the 

McDonough strain of feline sarcoma virus (SM-FeSV) [210, 211].  Viral oncogenes are 

recombination products of retrovirus (e.g. the feline leukemia virus (FeLV)) and pro-

oncogenes (e.g. cfms) that are naturally occurring within a host genome (for review 
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[212]).  The vfms viral oncogene was first identified in 1979 through sequencing the 

feline leukemia virus [213].  Functional studies of vfms later demonstrated the 

transforming capabilities of the gene, as evidenced by the constitutive tyrosine kinase 

activity of vfms-infected cells [214, 215].  A related gene, cfms, was later identified 

through analysis of feline and human tumor biopsies [216, 217].  Compared to the vfms, 

cfms differs by seven point mutations and its protein product possesses an elongated 

carboxy-terminus (C-terminus) [216].  cFMS is encoded by the long arm of chromosome 

5 [211] and has been reported at positions q33.2-q33.3 [211] and q34 [218].  Following 

transcription, the cfms minus strand is comprised of 60,082 bases, distributed over 22 

exons [218].  All but one of the 22 exons code for regions of the cfms protein product, 

cFMS [218].   

cFMS  (CD115, M-CSF-R, CSF-1R) is 972 amino acids in length [217] with a 

molecular mass of 108 kilodaltons (kDa), in the absence of post-translational 

modifications [219].  cFMS belongs to the type III receptor tyrosine kinase (RTK) family 

along with fms-like tyrosine kinase 3 (flt3) (CD135), platelet-derived growth factor 

receptor (PDGFR) and c-kit (CD117; stem cell growth factor receptor (SCFR)) [220, 

221].  The receptor has potential for both O-linked and N-linked glycosylation; however, 

not much is known about the role of post-translational modifications in modulating cFMS 

function [222].  It has two known ligands, M-CSF, as mentioned, and IL-34, which is 

discussed below. 

 

 



 

 28 

1.7.1  Expression of cFMS  

cFMS is expressed by hematopoietic cells including bone marrow progenitors, 

monocytes and MΦs.  It is also expressed by microglia, which originate from 

hematopoietic cells and migrate into the CNS early in the development and osteoclasts, 

which are derived from monocytes.  Expression of cFMS has also been reported in non-

hematopoietic cells including renal tubular epithelial cells [223] and injured neurons 

[224].  Despite these reports, cFMS has been mostly studied in the context of 

hematopoiesis.  

Although cFMS expression has been identified within multiple cellular 

compartments, it is classically regarded as a membrane-bound receptor.  As such, 

reference to its expression implies this form.  Following ligation of the receptor 

(discussed below), cFMS is internalized and recycled within endosomes (for review 

[225]).  In murine MΦs, cFMS has been demonstrated to maintain signaling within 

endosomes after internalization to support signal transducer and activator of transcription 

3 (STAT3), extracellular signal-regulated kinases 1 and 2 (Erk 1/2) and Akt [226].  

Signaling from the nuclear envelope has also been demonstrated in canine mammary 

cancer cells [227], human cancer cells [228], as well as, normal healthy hematopoietic 

cells [228].  In canine mammary cells, cFMS signaling was shown to support migration 

[227].  In human and canine cancer cells, as well as, human bone marrow MΦs, nuclear 

envelope cFMS appeared to also support cell survival through the Akt pathway [227, 

228].  Further, Barbetti et al. demonstrated the presence of cFMS within the cell nucleus 

and identified a chromatin-binding function, which suggests the receptor may also act as 
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a transcription factor [229].  Further studies are needed to identify how signaling from 

non-cell membrane cell compartments differs from cellular membrane expressed cFMS.  

Despite our awareness of cFMS expression within cellular compartments, only cell-

surface bound cFMS expression is assessed in the studies presented here.  

 

1.7.2  Csf op/op Mice 

Osteoporotic op/op mice (Csf op/op) have a homozygous mutation in the CSF1 

gene on the murine chromosome 3 that reportedly codes for non-functional M-CSF 

[230].  Op/op mice exhibit significant defects in the hematopoietic [231], nervous [232, 

233], reproductive [234] and skeletal systems [235].  This murine species was first 

recognized for its asymmetrical skeletal abnormalities: shortened teeth, dome-shaped 

skull, curved digits, “S-shaped” tail and abbreviated long bones [235].  Pathologically, 

these skeletal findings were suggestive of altered bone homeostasis and supported by a 

marked osteoclast deficiency [235].  Few, small osteoclasts with abnormal sub-cellular 

localization of acid phosphatase are found upon microscopic evaluation of op/op bone 

tissue [235].  Further, as compared to well-formed bone marrow cavities in wild-type 

(WT) mice, long bones of op/op mice do not display bone marrow cavities and, instead, 

contain lipoid masses [235].  The bony abnormalities have been the focus of many 

studies in this murine species and have largely overshadowed investigations regarding the 

role of M-CSF in hematopoiesis.  

Upon sequencing complementary DNA extracted from op/op murine fibroblasts, 

the mutated gene was found to possess a thymidine insertion at position 262 from the 
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start codon, resulting in the formation of a TGA stop codon 21 bases downstream [230].  

The M-CSF deficit in op/op mice has been thought to be due to a functional loss of the 

protein, as mRNA levels were reported to be similar to that of fibroblasts isolated from 

WT mice [230].  Functional assays reveal a near loss-of-function of M-CSF in its ability 

to support colony formation [230] and impaired differentiation of murine bone marrow 

cells into mature MΦs [230] and osteoclasts [235, 236].  With the addition of rhM-CSF, 

there is an increase in the number of tissue MΦs and osteoclasts in this species [237].   

Additional abnormalities can be found within the bone marrow.  Researchers 

found increased granulocyte [230] and megakaryocyte [235] frequency within bone 

marrow fibroblast cultures from op/op mice, suggesting that M-CSF is important to MΦ 

development, as well as, regulating the composition of the hematopoietic system.  

Although it is generally accepted that M-CSF mRNA levels are normal in op/op mice, the 

size of the northern blot product are significantly different as compared to WT mice 

[230].  In the first publication identifying the mutated cfms gene, Yoshida and colleagues 

found immunopositivity of a larger cDNA product in op/op fibroblast total RNA [230].  

Further studies by Wiktor-Jedrzejczak et al. reported a preponderance of the larger, 4.6 

kb cDNA product in op/op mice, as compared to the presence of both the 4.6 kb product, 

as well as, the 2.3 kb product found in the control mice [236].  Although it has been 

widely accepted that this mutation results in a truncated, non-functional form of M-CSF, 

only limited functional testing has been completed to support this concept.  Hume and 

colleagues hypothesized the presence of an alternative splice-variant that may retain 

functionality in some tissues in the op/op species [238].  These studies imply that op/op 
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mice are likely to be far more complex than an M-CSF null murine species, and further, 

research is needed to explore the mutant protein.  

 

1.7.3  cFMS Signaling  

cFMS can be divided into three main structural components: an extracellular 

ligand-binding domain (512 amino acids), a membrane-spanning region (25 amino acids) 

and a cytoplasmic domain with tyrosine kinase activity (435 amino acids) [217].  The 

cytoplasmic domain can be further organized into five general regions based on the 

location of phosphorylatable tyrosine residues: the juxtamembrane domain, adenosine 

triphosphate (ATP)-binding domain, kinase insert region, activation loop and C-terminus 

domain (for review [239]).  

 Members of the type III tyrosine kinase subfamily exhibit similar structural 

features including five extracellular immunoglobulin-like domains (D1-D5) and a 

conserved kinase insert region [240].  Through crystallography, cFMS ligands, M-CSF 

and IL-34, have been demonstrated to interact with D2 and D3 of the extracellular region 

of the receptor, albeit in different confirmations [241].  To activate the receptor, first an 

M-CSF (or possibly, IL-34) monomer interacts with a cFMS monomer [241].  This leads 

to the recruitment of an additional ligand/receptor pair and the formation of a non-

covalent bond at D4 of the extracellular domain [241-243].  The first wave of 

autophosphorylation occurs, likely involving a single signal tyrosine residue (discussed 

below).  This is followed by disulfide linking which promotes the second round of 

phosphorylation, this time phosphorylating several tyrosine residues [242, 244].  
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Signaling is complete by 2-3 minutes after stimulation with M-CSF by endocytosis of the 

receptor in clathrin-coated pits and degradation of the receptor [242, 243, 245].  This 

duration can be extended beyond 2 hours, if carried out at 4°C [242].  

 It should be noted that the majority of cFMS signaling has been described in 

mature murine and human myeloid cell lines as well as transfected mammalian cells.  

Because reports suggest that cFMS signaling changes with increased cell maturity, 

caution should be used when applying the following information regarding signaling to 

monocytes [246].  Although there are a total of 19 tyrosine    residues    present    in     the  

cytoplasmic portion of WT cFMS, six tyrosine residues have been reported to become 

phosphorylated: Y561, Y699, Y708, Y723,  Y809 and  Y969  (see  Table  1.4 for  murine 

sequence numbers) (for review [247]).  Two additional tyrosine residues, Y546 and 

Y923, have been demonstrated to be phosphorylated either in vitro in mutant human  

 

 

cFMS Region Human sequence number Murine sequence number 

Juxtamembrane 
Y546 (vfms only)  

Y561 Y559 

Kinase Insert 

Y699   Y697 

Y708 Y706 

Y723 Y721 

Activation Loop Y809 Y807 

C-terminal domain 
Y923 (vfms only)  

Y969 Y974 

Table 1.4.  Phosphorylatable Tyrosines on cFMS  (adapted from [4]) 



 

 33 

cFMS or the feline homolog, vfms [248, 249].  Many studies were carried out using the 

MacCsf1r-/- (M-/-) murine bone marrow MΦ cell line, which lacks WT cFMS [250].  To 

assess the function of specific tyrosines, M-/- cells are transfected with mutant receptor 

genes, which include one or more of the phosphorylatable tyrosines.  Importantly, this 

model has proved to yield results that are reproducible in primary human hematopoietic 

cells [250].  One significant limitation of studies using M-/- cells is the inability to 

determine the identity of the cFMS ligand inciting the phosphorylation event.  

Although all six tyrosine residues have been associated with specific functions, 

Y561 (Murine: Y559) is considered to be the “signal” tyrosine because it is needed for 

maximal phosphorylation and ligand-stimulated signaling of the other phosphorylated 

tyrosines (for review [4, 251]).  In addition to its role as gatekeeper, phosphorylated 

Y559 has also been demonstrated to bind to Src family kinases (SFK) and c-Cbl to 

mediate proliferation and regulation of the receptor expression [252].  Phosphorylation of 

this tyrosine greatly enhances proliferation in MΦs in vitro through an SFK-mediated 

mechanism [251].  The identity of the specific SFKs that associate with phospho-Y559 

are currently unknown (for review [247]), as studies that implicate involvement of this 

protein family have used non-specific inhibitors of the SFK family of proteins.  The 

relationship between c-Cbl and phosphorylated Y559 is more understood.  Through direct 

binding of phospho-Y559 and indirect mechanisms via second messengers, the E3 

ubiquitin ligase, c-Cbl, mediates receptor internalization and degradation [253, 254].  

Interestingly, when phenylalanine is substituted for the tyrosine at position 559, there is a 

marked increase in cell proliferation, suggesting the importance of c-Cbl as a negative 
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regulator of cFMS signaling and the dominance of c-Cbl activity over SFK proteins upon 

phosphorylation [255].  Thus, in addition to regulating kinase activity, Y559 is involved 

in proliferation and regulation of receptor expression.  

Three tyrosine residues within the kinase insert domain of cFMS may become 

phosphorylated:  Y699 (Murine Y697), Y708 (Murine Y706) and Y723 (Murine Y721).  

Upon phosphorylation of Y697, second messenger proteins, growth factor receptor-

bound protein 2 (Grb2), Grb2-related adaptor protein 2 (Mona) and suppressor of 

cytokine signaling 1 (Socs1), are recruited [256-259].  These three proteins are believed 

to promote cellular differentiation [260].   Phosphorylation of Y706 activates STAT1 

[261], which may explain to elongated shape of M-/- cells following mutation of Y706 

and suggests a role for this residue in regulating MΦ morphology [250].  Similarly, 

activation of Y721 alters the shape of cultured M-/- MΦs [250].  In support of this, 

activation of the Y721 human equivalent, Y723, was demonstrated to alter actin 

polymerization and, therefore motility, in human bone marrow-derived MΦs [262].  

Through mutant studies, Y721 was found to associate with PI3K and increase PIP3 levels 

[263].  Together, the tyrosine kinase domain residues appear to be important in both cell 

differentiation and motility.  

     Unlike other cFMS domains with multiple phosphorylatable tyrosines, Y809 

(Murine Y807) is the only tyrosine found in the activation loop.  Like other class III 

RTKs, cFMS possesses an aspartic acid-phenylalanine-glycine (DFG) motif of 22 amino 

acid residues that regulates the conformation of the receptor (for review [264, 265]).  

Y807 is located within the DGF motif and, thus, directly regulates the conformation of 
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the receptor.  Y807 deletion mutants display reduced levels of c-Myc and cyclin D1 

expression and promote cell cycle arrest in G1 phases in cFMS-transfected NIH 3T3 cells 

[266, 267].  C-Myc expression is thought to be mediated by Y807 and not by activation 

of mitogen-activated protein kinase kinase (MEK) through phosphorylation of other 

tyrosines [268].  Phosphorylated Y807 also appears to be important to cellular 

differentiation in combination with phosphorylated Y559 in M-/- cells [250].  

Importantly, both the gatekeeper residue, Y559, as well as, Y807 are necessary for 

overall kinase function [250, 252, 255].  

The function of the tyrosine present in the C-terminal loop of non-mutant cFMS, 

Y969 (Murine Y974), is not well understood.  M-/- MΦs with mutations in Y974 display 

impaired spreading, suggesting a role for this residue in regulating MΦ morphology 

[250].  Together, these findings are evidence of the complexity of signaling through this 

receptor.  

 

1.7.4  Hereditary Diffuse Leukoencephalopathy with Spheroids (HDLS)   

Only within the last few years have mutations in the cFMS receptor been 

connected to human neurodegenerative processes.  The diagnosis of hereditary diffuse 

leukoencephalopathy with spheroids (HDLS), describes a range of white matter diseases 

in individuals with mutations in cFMS [269].  HDLS was first described as an autosomal 

dominant leukoencephalopathy in 1984 by Axelsson and colleagues [270].  Recently, de 

novo cFMS mutations were reported in individuals without a family history of 

progressive neurodegenerative disease, suggesting that mutations inducing 
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leukoencephalopathy may be either inherited or acquired spontaneously[271].  A single 

patient was identified with a heterozygous stop mutation in cFMS without manifestation 

of disease, suggesting that the factors involved in the penetrance of disease are unclear 

[271].    

Clinical presentation of HDLS is consistent with the white matter destruction seen 

in other leukoencephalopathies. Reported symptomatology includes cognitive 

dysfunction such as dementia, alterations in behavior and depression, and may also 

include motor impairment with parkinsonian-like features and seizures [270].  Symptoms 

are highly variable and typically reflect the brain region involved, which can be identified 

as white matter abnormalities on MRI [272].  Interestingly, HDLS was recently 

determined to be the same disease entity as a rare white matter disorder, pigmented 

orthochromatic leukodystrophy (POLD) [273].  Upon retrospective analysis of CNS 

tissue, cFMS mutations were found in patients that carried diagnoses of multiple sclerosis 

(MS), Parkinson’s disease (PD), Alzheimer’s disease (AD) and fronto-temporal dementia 

[273, 274].  These findings suggest that either HDLS is often misdiagnosed or 

dysfunction in cFMS signaling predisposes individuals to CNS-related disease.  

A definitive diagnosis of HDLS requires the pathologic appreciation of axonal 

degeneration, damaged myelin sheaths, gliosis, neuronal spheroids and lipid-laden MΦs 

[270].   It was initially reported to be due to an array of missense, frame-shift and splice-

site mutations, mainly in the kinase insert domain of the cfms gene [269].  Recently, 

however, a non-sense mutation was discovered in an individual within a Japanese cohort 
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of patients with HDLS [275].  These findings indicate that haploinsufficiency may be 

permissive for manifestation of disease [275].   

The current hypothesis for how cFMS mutations lead to neurodegeneration 

involves loss of function of kinase activity [276].  As mentioned, cFMS is expressed by 

microglia within the CNS and is involved in the development of neurological health and 

maintenance.  Because the vast majority of mutations have been identified in the kinase 

insert domain of cFMS, it is thought that individuals with HDLS have a decrease and/or 

alteration in cFMS activation.  Analysis of patient samples, however, have yielded 

conflicting results, demonstrating no change in autophosphorylation of cFMS in the 

blood and brain or decreased activation of the receptor as compared to WT cFMS [269].  

The pathogenesis of neurological impairment in HDLS requires further explanation.  

 

1.7.5  cFMS Function in Cancer  

 cFMS has several functions in addition to immune polarization of myeloid cells 

and hematopoiesis, as discussed above.  Since its initial discovery as the human 

homologue of the vfms viral oncogene, several associations between cFMS and human 

cancers have been reported.  Both WT and mutated cfms have been described.  WT cFMS 

and/or M-CSF overexpression has been reported to be a poor prognostic indicator in 

breast cancer [277], endometrial carcinomas [278, 279], leiomyosarcoma [280], epithelial 

ovarian cancer [281, 282], prostate carcinoma [283], astrocytomas [284] and soft tissue 

tumors [285].  Further, increased cfms copy number and point mutations within cfms 

results in elevated unchecked signaling in myeloid malignances [285] and renal cell 
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carcinomas [286, 287].  The role of the second cFMS ligand, IL-34, in cancer; however, 

has yet to be defined, as its expression has only been reported in patient biopsies of giant 

cell tumors of the bone [288].  In support of non-overlapping roles for M-CSF and IL-34 

in cancer, it has been speculated that M-CSF, and not IL-34, is involved in recruiting 

tumor-promoting myeloid cells in a murine model of astrocytoma [289].  As both ligands 

may uniquely contribute to cancer development, ligand specific research in this area is 

needed.   

In accordance with its role as a proto-oncogene, several cancer-promoting 

activities have been attributed to cFMS signaling.  These include immune polarization 

[284], cancer cell migration [262, 284, 290, 291], propagation of proliferation signals 

[223, 229], tumor-associated angiogenesis [292, 293] and survival of malignant cells 

[223].  cFMS may work in concert with other growth factors to promote cancer, as in 

development.  cFMS signaling by microglia has been reported to be integral to epidermal 

growth factor receptor (EGFR) signaling that mediates migration of astrocytoma cancer 

cells in a murine in vivo model [291].  Similar interplay between epidermal growth factor 

(EGF) and M-CSF has been reported to promote cancer metastasis in a murine model of 

breast cancer [290].  These findings explain why cFMS has become an adjunctive target 

in cancer therapy.  

 

1.8  IL-34, the newly discovered ligand for cFMS   

 IL-34 was identified through screening of the extracellular proteome, which 

consists of over 3,400 secreted proteins [294].  Following functional assessment, IL-34 
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was identified as a non-M-CSF, secreted protein that interacts with cFMS to support the 

survival of human peripheral blood monocytes [294].   It was later found that IL-34 also 

supports myeloid cell proliferation and osteoclastogenesis [295, 296]. Although its 

function is unknown, elevated levels of IL-34 have been reported in association with 

autoimmune diseases including Sjogren’s syndrome [297] and rheumatoid arthritis [298, 

299], suggesting that, like M-CSF, IL-34 may have an immune modulatory role.  

 IL-34 is widely expressed in most tissues.  Through analyses of post-mortem 

tissue homogenate, it was found to be expressed in human brain, heart, placenta, liver, 

skeletal muscle, kidney, thymus, testes, ovary, small intestine, prostate, colon and spleen 

[294].  Only a few specific IL-34-producing cells have been identified in humans: 

osteoblasts [295, 296], some types of fibroblasts [298, 299], keratinocytes [300], neurons 

[301], the U251 primary grade IV astrocytoma cell line [302], monocytes and MΦs [294].  

In mice, extensive work has looked at the role of IL-34 in the development of neurons, 

microglia [300, 303] and Langerhan’s cells [300, 304]; however, limited information is 

available regarding its function in the CNS in human adults.  

 

1.9  Differences between IL-34 and M-CSF    

 There have been few reported differences between M-CSF and IL-34 on signaling 

and function of monocytes/MΦs.  As some consider IL-34 and M-CSF to be functionally 

redundant cFMS ligands, only a limited number of studies have tested the two ligands in 

parallel.  Differences in signaling and function have been reported in human and murine 

myeloid cell lines and human primary monocytes/MΦs following cFMS ligation by M-
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CSF and IL-34.  Limited evidence suggests that signaling and downstream functioning of 

cFMS ligands may be divergent (Figure 1.5).  Studies investigating the expression pattern 

of IL-34 in mice suggest that it may be the dominant cFMS ligand found within tissues 

[296, 303].  The hematopoietic growth factor, M-CSF, has been more extensively studied 

in association with the peripheral blood and bone marrow [305] and, thus, may act as the 

chief   peripheral   cFMS   ligand.    Like  M-CSF,  IL-34  forms  dimers,  which,  through  

crystallography, have been shown to interact with the second and third domains of the 5  

Figure 1.5.  Reported Differences between the Effects of M-CSF and IL-34 on 
Monocyte/MΦs. 
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immunoglobulin-like domains that comprise the extracellular portion of cFMS [306]. 

cFMS signaling by M-CSF and IL-34 has been reported to result in the 

phosphorylation the same tyrosine residues within the intracellular portion of the receptor 

[296, 307].  IL-34-mediated tyrosine phosphorylation occurs more rapidly than M-CSF 

and decays more quickly, as compared to M-CSF-initiated signaling in the TF-1 human 

myeloid leukemia cell line [307].  In response to M-CSF treatment, however, tyrosine 

residues are phosphorylated for a longer duration, albeit to a lesser magnitude as 

compared to IL-34 [307].  Although the same tyrosine residues become phosphorylated 

with either ligand, phosphorylation of Y809 and Y546 (note: Y546 phosphorylation has 

only been reported in transformed cells and has not been demonstrated to participate in 

cFMS signaling under normal physiologic conditions [248]) has been reported to be 

favored by IL-34 in respect to the magnitude of phosphorylation at 1 minute post-

stimulation in the TF-1 human myeloid leukemia cell line [307].  Y809 and Y546 have 

both been implicated in promoting proliferation and differentiation of MΦs [250] and  

may contribute to the manifestation of functions that are unique to IL-34.   

Following the creation of phosphotyrosine docking sites and the subsequent 

activation of second messengers, IL-34-induced signal transduction has been reported to 

more strongly activate MAPK and have a weaker effect on the ribosomal S6 kinases 

(S6K) as compared to M-CSF [307].  One study reported an upregulation of CCR2 on 

CD14+ primary human monocytes [308], suggesting that IL-34 expression may support 

cellular migration of monocytes/MΦs into or out of tissue.  Interestingly, M-CSF was 

found to promote the expression of monocyte chemotactic protein-1 (MCP-1), also 
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known as the CCR2 ligand, chemokine (C-C motif) ligand 2 (CCL2) [307].  CCL2 has 

been highly implicated in the pathogenesis of HIV-related CNS disease in the CNS [309], 

which may be promoted by M-CSF/IL-34.  Alternatively, CCL11 may be the favored 

chemokine promoted by IL-34, as IL-34 was found to induce higher levels of CCL11 

when compared to M-CSF [307].  Differences in the expression of cell surface markers 

after treatment with M-CSF or IL-34 have also been reported.  CD54, an adhesion 

molecule, was demonstrated to be upregulated more strongly following treatment with 

M-CSF in primary human monocytes [308].  IL-34, however, was found to promote 

higher levels of HLA-DR expression per monocyte [307], suggesting that the ligands 

may produce phenotypically dissimilar monocyte/MΦ populations.  Differences in 

signaling and, therefore, phenotype and chemokine expression may be responsible for the 

distinct functional profiles of IL-34 and M-CSF-treated monocytes/MΦs.   

Functionally, M-CSF-treated cells were reported to promote migration and 

support proliferation in murine cell lines [307].  In primary human monocytes, M-CSF-

treatment resulted in greater survival of adherent cells in culture, but less HIV-1 

replication as compared to IL-34 [307].  Together, these findings suggest that M-CSF and 

IL-34 may promote unique populations of myeloid cells with specialized and distinct 

functions.  Further studies are needed to attest to the reproducibly of these initial studies 

and to further understand the distinct roles of M-CSF and IL-34 in health and disease.   

 
1.10  Hypothesis and Specific Aims  

 Although cART has been effective in decreasing the severity of neurocognitive 
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impairment in HIV infection, the incidence of milder forms of neurocognitive impairment 

have increased [3].  Despite the known connection between the accumulation of myeloid 

cells in the CNS and cognitive impairment [41], we still do not understand the 

neuropathogenesis of HAND.  Furthermore, persistent infection of MΦs contributes 

significantly to reservoirs of HIV in tissues where these cells accumulate [33], including 

the CNS, which presents a major obstacle in virus eradication.  Previously, we identified 

an expanded monocyte subset [63] that is phenotypically (CD14+CD16+CD163+) similar 

to a MΦ-2 phenotype and is shared by accumulating MΦs and microglia in the CNS of 

patients with HIVE [33].  M-CSF, a cytokine believed to promote activation to MΦ-2, is 

over-produced as a result of HIV infection of MΦs [310].  cFMS presumably contributes 

to the development and maintenance of the MΦ viral reservoir and development of 

HAND, through its action as a monocyte/MΦ differentiation and survival factor.  cFMS 

also has immune regulatory/tolerogenic effects exerted through myeloid differentiation 

pathways that may subvert immune surveillance.  It is, therefore, likely that M-CSF may 

contribute to immune dysregulation in HIV and AIDS progression through altered 

immune polarization of the innate and, consequently, adaptive immune systems.  

Recently, a second ligand, IL-34, has been found to interact with the M-CSF receptor, 

cFMS [294].  We hypothesize that monocyte homeostasis is altered in HIV-1 infection 

and targeting cFMS signaling by monocytes and MΦs will counteract altered immune 

polarization and restore appropriate immune function in the setting of HIV infection 

(Figure 1.6). 

 Our previous studies investigating CD16+CD163+ monocyte frequency in a cohort  
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of  HIV+ individuals demonstrated an expansion of this subset in individuals with 

viremia [63].  Because cART-naïve individuals were included in the viremic group and 

the HIV+ individuals with undetectable viremia had suppressed CD16+CD163+ 

frequency as compared to seronegative controls [63], we will first repeat our cross-

sectional analysis with modified inclusion criteria.  In collaboration with the Temple 

Comprehensive HIV Program directed by Ellen Tedaldi, MD and Research Coordinator, 

Christiane Geisler, RN, ACRN, we will collect peripheral blood samples from 41 HIV+ 

individuals, all currently on anti-retroviral therapy.  21 human subjects will have 

undetectable viral loads, defined as less than 50 HIV copies/mL over 6 months and 

twenty subjects will have detectable viremia defined as over 500 viral copies/mL over 3 

months.  We will isolate human peripheral blood mononuclear cells (PBMC) and analyze 

them by flow cytometry for expression of CD16 and CD163.   Information from these 

Figure 1.6.  Proposed Schema of the Role of cFMS Signaling in HIV infection 
(adapted from [1]). 
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studies will help us to rule out the effect of cART, itself, on suppressing the frequency of 

the CD16+CD163+ monocyte subset and confirm that there is a relationship between 

HIV-1 and expression of these markers.  

 Our earlier studies highlighted the need to explore the possibility that cFMS is the 

driving force behind the expansion of the CD16+CD163+ monocyte subset.  To this aim, 

we will explore the relationship between natural ligands for cFMS, M-CSF and IL-34, 

and HIV through immunohistopathological studies of CNS tissue from a relevant animal 

model of HIV infection, the SIV infected rhesus macaque.  Brain tissue from ten rhesus 

macaques (2 seronegatives, 4 SIV+ and 4 animals with SIV encephalitis (SIVE)) will 

first be assessed for CD163 expression to determine if the pathological findings are 

consistent with our previous studies [33].  Next, we will determine the expression level of 

M-CSF and IL-34 in brain as well as the location of expression.  Expression level of each 

cytokine will be quantified using digital imaging software.  To determine if myeloid cells 

contribute to M-CSF and IL-34 expression in the CNS, we will perform double-label 

immunofluorescence with antibodies to each ligand in combination with CD163.  

Additionally, in situ hybridization will be performed on CNS tissue from the same 

animals to determine if SIV RNA is present.  Together, these studies will allow us to 

determine if cFMS ligands are found in brain and, if so, determine if they are expressed 

by MΦs and activated microglia.   

 Because we previously determined that the accumulating cells in the CNS in 

HIVE are of peripheral origin, we will explore the effects of cFMS ligands on expression 

of CD16 and CD163.  For these studies, monocytes from PBMC isolated from healthy 
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human donors will be cultured with M-CSF or IL-34.  We will first determine the 

frequency and level of expression of CD16 and CD163 by flow cytometric analysis.  

Next, we will infect human fetal microglia with HIV-1 in the presence of M-CSF and IL-

34 and determine the level of productive infection by p24 enzyme-linked immunosorbent 

assay (ELISA).  We will then determine the effect of the tyrosine kinase inhibitor (TKI), 

GW2580, on the amount of productive infection in HIV-infected human fetal microglia. 

 Finally, we will briefly assess the relevance of cFMS signaling in a different CNS 

disease process that has an inflammatory component, high-grade astrocytomas.  First, we 

will explore resected human astrocytoma tissue for the expression of CD16, CD163 and 

IL-34.  We will determine if the astrocytoma cell line, U87, expresses IL-34 and/or M-

CSF.  Next, because ionizing radiation (IR) has been found to upregulate expression of 

M-CSF, we will assess the effect of a single fraction of IR on U87 cells on the expression 

level of M-CSF and IL-34.  To determine the role of IR in myeloid polarization, we will 

culture PBMC from a healthy donor with supernatant from irradiated and sham irradiated 

U87s and determine its effect on CD16 and CD163 expression by human monocytes.  

Finally, we will briefly assess the activation status of these monocytes by determining the 

frequency of IL-10 producing cells when cultured with U87 supernatant.  

 Together, we hope that information from these studies will help in understanding 

the peripheral and central effects of CNS disease to identify novel therapeutic approaches 

that target host-molecular pathways involved in monocyte/MΦ immune polarization for 

the treatment or prevention of HAND. 
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CHAPTER 2 

MATERIALS AND METHODS  

2.1  Human Tissue Samples  

Tissue samples of resected human astrocytomas were obtained from Basic 

Science Core II of the CNAC (P30 MH09217; Kamel Khalili, Program Director).  Five 

cases of grade IV astrocytomas, two grade III astrocytomas and two grade II 

astrocytomas were analyzed for expression of select markers.  Grade IV astrocytomas, 

incubated with only secondary antibody, served as our negative control.  Positive control 

tissue was from the frontal white matter, spleen and axillary lymph nodes of an SIV-

infected rhesus macaque, which was provided by Dr. Jay Rappaport (Temple University 

School of Medicine, Department of Neuroscience, Philadelphia, PA).  

 

2.2  Donor Enrollment, Blood Collection and Transportation/Handling 

For this single time-point analysis, a total of 41 chronically HIV infected donors 

with documented history of strong adherence to cART with and without detectable 

viremia were recruited through the Temple Comprehensive HIV Program at Temple 

University Hospital (TUH).  All enrolled patients had no change in cART regimen for at 

least 12 weeks prior to blood collection with the exception of one patient who had been 

on their regimen for 8 weeks.  Target recruitment for HIV-1 infected donors on cART 

without detectable virus (n=20) included patients with stable suppression of viremia (<50 

copies/mL) ≥6 months.  Target recruitment for HIV-1 infected donors on cART with 

detectable viremia (n=20) included patients who demonstrated repeated levels of ≥500 
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viral copies/mL over the course of 3 months, with ≥1000 copies/mL designated as cART 

failure.  Willing participants were offered a modest monetary incentive to participate in 

these studies and were provided with “Consent to Participate in a Research Study” prior 

to enrollment.  This consent form included information regarding the purpose and 

description of the study, as well as, possible risks.  Study participants included only non-

institutional (i.e., no prisoners) adults (25-54 years).  No pregnant women or individuals 

that reported the use of non-prescription opiates and/or cocaine were included in the 

study.  The distribution of women and minorities among the recruited volunteers matched 

the distribution within the Philadelphia HIV-1 epidemic.  

 All studies were performed under the approval of the Temple University 

Institutional Review Board for Human Subjects. From willing participants, 20mL of 

venous blood was collected in heparinized Vacutainer collection tubes by a qualified 

phlebotomist at a single time point.  Transportation of blood from TUH to Temple 

University School of Medicine (TUSM) was carried out in a Nalgene BioTransport 

Carrier with an internal plastic canister and processed in a BSL1 Tissue Culture Suite 

(TCS).  Clinical data (i.e., CD4+ T cell counts, viral load) was collected by routine 

clinical evaluation.  Peripheral blood mononuclear cells (PBMC) were obtained by Ficoll 

isolation and prepared for flow cytometric analysis.  

 

2.3  Primary Microglia Acquisition and Culture 

Primary human microglia were obtained through the Basic Science Core I of the 

CNAC (P30 MH09217; Kamel Khalili, Program Director).  Briefly, fetal brain tissue 
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(gestational age 16-18 weeks) was obtained from elective abortion procedures performed 

in full compliance with National Institutes of Health and Temple University ethical 

guidelines.  Tissue was washed with cold Hanks balanced salt solution (HBSS) and 

meninges and blood vessels were removed.  To propagate glial cultures, tissue in HBSS 

were digested with 0.25% trypsin (Life Technologies) and 10U/mL DNASE I (Sigma-

Aldrich) for 30 min at 37°C.  Following neutralization of trypsin with fetal bovine serum 

(FBS) (Fisher Scientific), the tissue was further dissociated to obtain single-cell 

suspensions.  Cells were plated in mixed glial growth media (DME and Ham's F-12 

Nutrient Mixture (DME:F12) media supplemented with insulin, FBS, L-glutamine and 

gentamicin).  The mixed culture was maintained under 10% CO2 for 5 days, and the 

medium was fully replaced to remove any cell debris.  To enrich for microglia, flasks 

were placed on an orbital shaker for 14-18 hours at 200rpm in growth media, inside the 

tissue culture incubator.  The detached cells constitute the microglial component of the 

culture, which were collected and plated into a new flask in the same media used during 

shaking.  Here, they were allowed to settle 90 minutes before re-feeding with microglial 

media (DME:F12, supplemented with 15% FBS, L-glutamine, gentamicin, fungizone, 

insulin, and D-biotin).  Microglia purity was assessed by immunolabeling with anti-glial 

fibrillary acidic protein (GFAP) and glutamate aspartate transporter 1 (GLAST1) to 

identify astrocytes, and anti-ionized calcium binding adaptor molecule 1 (Iba1) and 

CD11b for microglia. 

Microglia were plated in 6-well cell culture treated plates at approximately 

600,000 cells/well and infected at MOI=0.5 with an M-tropic HIV-1 isolate, 92US727, 
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obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH, from 

The Multi-center AIDS Cohort Study.  Following a three hour infection, cells were 

washed three times in culture media and re-fed with fresh microglia media with and 

without the addition of 5ng/ml recombinant human (rh)M-CSF or IL-34.  At 3 and 5 days 

post-infection, supernatants were collected and the media fully replaced under the same 

treatment conditions but this time with and without the addition of the tyrosine kinase 

inhibitor, GW2580 (Calbiochem) at 47nM, 470nM and 4.7µM.  All conditions were 

performed in triplicate. 

 

2.4  U87 cell culture  

The grade IV astrocytoma primary cell line, U87, was grown in T75 cell culture 

treated flasks (Corning) and maintained in Dulbecco's Modified Eagle Medium (DMEM) 

(Thermo Scientific) supplemented with FBS, 2mM L-glutamine (Thermo Scientific), 

15mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Fisher 

Scientific), and 50U/ml penicillin/50µg/ml streptomycin (Cellgro).   To produce U87-

conditioned media, 1.2x106 U87 cells were seeded in 7ml of U87 culture media and 

incubated in 5% CO2 at 37°C for 30hrs.  

 

2.5  Isolation of PBMC and Cell Culture  

Peripheral blood mononuclear cells (PBMC) were isolated by density gradient from 

heparinized whole blood of seronegative, healthy volunteers, using ACCUSPIN Tubes 

(Sigma-Aldrich) containing Histopaque-1077 (Sigma-Aldrich).  Viable PBMC were 
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plated at 5x106 cells/ml in Costar 24-well cell culture plates (Corning) and maintained in 

RPMI 1640 with L-glutamate supplemented with penicillin/streptomycin and 2% or 10% 

FBS.  PBMC were maintained at 37°C and 5%CO2 for 24hrs in media containing 

2.5ng/ml rhM-CSF (R&D Systems), 2.5ng/ml rhIL-34 (R&D Systems) or 50% U87-

conditioned media, with or without 4.7µM GW2580.  Brefeldon A (BioLegend) was 

added to each well six hours prior to harvest.  PBMC were harvested and washed with 

FACS Wash and prepared for flow cytometric analysis.  Cell culture supernatants were 

collected and stored at -80°C.   

 

2.6  Irradiation of the U87 Cell Line 

U87 media was changed and 4hrs later, U87 cells were irradiated with 0 Gy, 2 Gy 

and 4 Gy using a RS 2000 Biological Research Irradiator (Rad Source).  U87s were 

incubated for 30hrs at 37°C in 5%CO2 before supernatants were removed and 

centrifuged.  Collected supernatants were used immediately for cell culture and the 

remainder were stored at -80°C.  Fresh media was then added to the flasks. Cell 

morphology of each treatment group was assessed through light microscopy and imaged 

with SlideBook Digital Microscopy imaging software (3i).  Adherent U87 cells were then 

detached with 1X TrypLE Express Enzyme (Life Technologies), washed and enumerated 

using a hemocytometer with Trypan Blue (MP Biomedicals) exclusion.  Cells were 

resuspended in U87 media at 106 cells/mL.  106 U87 cells were placed in polypropylene 

flow tubes (BD) and washed in FACS Wash [(FW): Hanks' Balanced Salt Solution 
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(Thermo Scientific), 3% normal horse serum (Thermo Scientific), 0.02% sodium azide 

(Fisher Scientific)] in preparation for staining for flow cytometry.   

 

2.7  Immunohistochemistry 

Brain tissue sections (4µm) from frontal lobe and basal ganglia of eight 

SIVmac251 infected  (four with and four without encephalitis)  and  two   non-infected 

rhesus macaques were kindly provided by Dr. Jay Rappaport (Table 2.1).  

Immunohistochemistry was performed as described by us previously [33, 42, 101].  

Briefly, deparaffinized and rehydrated 4µm brain tissue sections underwent high heat 

non-enzymatic antigen retrieval, followed by blocking with 20% horse (Fisher Scientific)  

serum and overnight incubation with primary mouse monoclonal CD163 (1:100; Vector  

 

 

Animal 
ID  

Approximate 
Age (yrs) Gender MHC 

Haplotype  

Intravenous 
Challenge 

with 
SIVMac251 

Clinical 
Course  

Gross 
Dissection 
Notations  

Histopathological 
Classification of 

CNS Disease                 

4126 11 M A01 - - - - 

4128 10 M A08 - - - - 

4125 10 M A01 + - - SIV+ without 
Encephalitis  

4124 11 M A11, B01 + - - SIV+ without 
Encephalitis  

4988 Unknown M A02, A08 + - - SIV+ without 
Encephalitis  

5027 Unknown M A08, B01 + - - SIV+ without 
Encephalitis  

4666 3 M Unknown + 
Received 

IM tetanus 
vaccination  

splenomegaly SIVE 

4679 3 F A02 + 
Received 

IM tetanus 
vaccination  

- SIVE 

4982 3 F B01 + - - SIVE 

4985 1 M A02 + - - SIVE 

Table 2.1  Summary of Rhesus Macaques and Histopathological Classification 
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Laboratories), CD16 (1:320; Vector Laboratories), M-CSF (1:12.5; Novus Biologicals) or 

IL-34 (1:200; Abcam) antibodies.  Spleen from seronegative rhesus macaques was used 

as a positive control.  Negative controls consisted of isotype antibodies used in place of 

the primary and tissues incubated in buffer without primary antibody.  Antigen-specific 

staining was detected with horse-α-mouse biotinylated antibodies (Vector), followed by 

Vectastain ABC Alkaline Phosphatase and Vector Red Alkaline Phosphatase Substrate 

Kit (Vector Laboratories), according to the manufacturer’s instructions.  Tyramide signal 

amplification (Perkin Elmer) was used for CD163, CD16 and IL-34 detection, according 

to the manufacturers instructions.  Following a light counterstain with haematoxylin, 

sections were dehydrated in xylenes, coverslipped with Permount and analyzed under 

light microscopy.   Immunohistochemistry for each antigen of interest was performed in a 

single run for all animals/groupings. 

 

2.8  Immunohistochemistry Quantification 

Quantification of CD163, M-CSF, and IL-34 expression in brain among the three 

test animal groupings was completed using a bioquantification software system (Bioquant 

Image Analysis Program).  A total of twelve 20X microscopic fields of 0.31mm2 each 

were assessed per brain section using a microscope (Nikon) with a motorized x, y stage 

and a digital camera (Q-Imaging Retiga) that were linked to a computer with the software 

program.  An unbiased quantification approach was used, with a random start, and then 

systematic sampling of 12 adjacent (non-overlapping) sites within the brain region of 

interest using the motorized stage option.  Analysis conditions were retained across 
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animals/groupings for each antigen of interest by white-balancing the camera prior to 

data acquisition and maintaining the same light intensity of the microscope for each slide. 

The Videocount Area Array and color thresholding options of the Bioquant software 

were utilized for these measurements, as previously defined in detail [311].  Briefly, 

videocount (VC) area is defined as the number of pixels in a field that meet a user-

defined color threshold of staining.  The user-defined color threshold of immunostaining 

for each antigen (i.e. positivity of each antigen) was defined by setting the red-green-blue 

values to detect the range of positive signal values for a particular immunostained 

antigen, while excluding color ranges of other antigens and background noise.  The 

threshold values for each antigen were stored in the computer program and maintained 

for each immunohistochemical analysis across all animals and groupings.  Percent 

positivity for each field and antigen was determined by dividing the number of positive 

pixels (those that matched the defined color threshold) by the total number of pixels 

within the VC area, and multiplying by 100.  Data are expressed as the percentage of 

antigen positivity per 0.31mm2 field.  The assessment was carried out in a blinded 

fashion. 

 

2.9  Double-Label Immunofluorescence 

Brain tissue sections from frontal lobe of four SIVmac251 infected (four with and 

four without encephalitis) and two non-infected rhesus macaques were kindly provided 

by Dr. Jay Rappaport.  Double-label immunohistochemistry was performed by sequential 

applications of primary antibodies to the same tissue section which were both revealed by 



 

 55 

systems with different fluorescent tags, as described by us previously [101].  Briefly, 

deparaffinized and rehydrated 4µm brain tissue sections underwent overnight incubation 

with the first primary antibody, mouse monoclonal M-CSF (1:12.5) or mouse monoclonal 

IL-34 (1:200).  Tissues were then incubated with an appropriate biotinylated secondary 

antibody, followed by avidin-conjugated fluorescein or Texas Red (Vector Laboratories).  

All sections were buffered with blocking reagent, incubated overnight with CD163 

(1:100), followed by secondary antibody and avidin-conjugated fluorescein or Texas Red.  

Spleen from seronegative animals served as a positive control.  Negative controls 

consisted of isotype antibodies used in place of the primary and tissues incubated in 

buffer without primary antibody.  Tyramide signal amplification was used for CD163 and 

M-CSF detection, according to the manufacturers instructions.  Sections were 

coverslipped with Vector Hard Set with DAPI (Vector) and analyzed with an inverted 

fluorescence microscope (Nikon) through FITC and rhodamine filters.  Images were 

superimposed using Adobe Photoshop CS4. 

 

2.10  In-Situ Hybridization 

SIV in-situ hybridization was performed, as described by us previously [33].  

Briefly, following deparaffinization and rehydration, tissues were permeabilized with 

proteinase K (Dako) and washed in diethylpyrocarbonate (DEPC)-treated PBS.  

Afterwards, tissues were post-fixed, quenched of endogenous peroxidase and acetylated.  

Slides were washed between treatments using DEPC-treated PBS.  Tissues were pre-

hybridized by incubating with hybridization solution (50% foramide, saline-sodium 
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citrate buffer of 0.3M NaCl and 0.03M sodium citrate, Denhardt’s solution, 0.25M 

tris(hydroxymethyl)aminomethane hydrochloride, 0.25mg/mL tRNA, 18.8mM sodium 

pyrophosphate, 17.3mM sodium dodecyl sulfate, 50% dextran sulfate and single-stranded 

salmon sperm DNA) at 45°C for one hour.  This was followed by hybridization with 

10ng SIV sense or α-sense digoxigenin (DIG)-labeled RNA probe (Lofstrand Labs, Ltd.), 

with the kind permission of Dr. Vanessa Hirsch [312], at 45°C overnight.  Following 

overnight incubation, tissues were placed through a series of stringent washes and 

exposed to 20µg/ml RNase A.  Detection of the probe was accomplished using a 

hydrogen peroxidase labeled antibody against DIG, followed by tyramide signal 

amplification according to the manufacturer’s directions.  Sections were counterstained 

with aqueous Mayer's Hematoxylin Solution (Sigma-Aldrich) and analyzed under light 

microscopy.  

 

2.11  Flow Cytometric Analyses 

Flow cytometric analyses were performed on cultured PBMC, using fluorochrome-

conjugated antibodies, CD14-PCP-Cy5.5 (clone M5E2, BD), CD163-PE (clone MA2-

158, Trillium Diagnostics) and CD16-Pacific Blue (clone 3G8, BD), as described 

previously [63].  For astrocytoma studies, U87 cells were stained with IL-34-PE (R&D 

Systems) and M-CSF-APC (R&D Systems) and PBMC, CD14-PCP-Cy5.5 (BD), IL-10-

FITC (BD), IL-12-APC (BD), TNFα- AlexaFluor 700 (BD) in PBMC. Cells were 

washed, again, with Perm Wash and fixed with 1% paraformaldehyde (Tousimis). For 

each test, 30,000 events were  



 

 57 

 

 

 

  

Antibody Clone Isotype Company Fluorochrome Staining Concentration Purpose 

CD14 
 M532 IgG2a κ BD 

Biosciences 
Allophycocyanin 

(APC) Extracellular 1:40 

A 
lipopolysaccharide 

(LPS) receptor 
routinely used to 

identify monocytes 
[191]. 

CD16 3G8 IgG1 κ BD 
Biosciences Pacific Blue (PB) Extracellular 1:40 

A low affinity Fc 
gamma receptor 

found on a subset of 
monocytes.  We and 

others have found 
that this subset is 

expanded in HIV-1 
infection [63] 

CD163 MAC2-
158 IgG1 κ Trillium 

Diagnostics 
R-Phycoerythrin 

(PE) Extracellular 1:40 

Receptor for 
hemoglobin-
haptoglobin 

complex found on a 
subset of monocytes 
and used to identify 

MΦ-2.  We see 
expansion of 

CD16+CD163+ 
monocytes/MΦs in 

HIV-1+ patients 
with detectable 

virus [63]. 

CD32 FLI8.26 IgG2b κ BD 
Biosciences 

Fluorescein 
isothiocyanate 

(FITC) 
Extracellular 1:40 

A low affinity Fcγ 
receptor found on 
monocytes/MΦs, 

neutrophils, B cells 
and platelets.  

Expression as it 
relates to other Fcγ 
receptors may be 
important in the 

regulation of 
monocyte function 

(reviewed by [160]).  

CD64 10.1 IgG1 κ BD 
Biosciences 

Peridinin-
chlorophyll 

proteins-Cy5.5 
(PerCP-Cy5.5) 

 

Extracellular 1:40 

A high affinity Fcγ 
receptor expressed 

by monocytes/MΦs, 
dendritic cells and 

granulocytes.  
Expression as it 

relates to other Fcγ 
receptors may be 
important in the 

regulation of 
monocyte function 

(reviewed by 
[160]). 

Table 2.2.  Antibodies Used for Flow Cytometry Analysis of PBMC from HIV+ 
Individuals 
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Antibody Clone Isotype  Company Fluorochrome Staining Concentration Purpose 

CD14 M532 IgG2A BD 
Biosciences 

Peridinin-
chlorophyll 

proteins-Cy5.5 
(PerCP-Cy5.5) 

Intracellular 1:50 

A lipopolysaccharide 
(LPS) receptor 

routinely used to 
identify monocytes 

[191]. 

CD16 3G8 IgG1 κ BD 
Biosciences Pacific Blue (PB) Extracellular 1:40 

A low affinity Fc 
gamma receptor found 

on a subset of 
monocytes.  We and 

others have found that 
this subset is expanded 

in HIV-1 infection 
[63] 

CD163 MAC2-
158 IgG1 κ Trillium 

Diagnostics 
R-Phycoerythrin 

(PE) Extracellular 1:40 

Receptor for 
hemoglobin-

haptoglobin complex 
found on a subset of 

monocytes and used to 
identify MΦ-2.  We 

see expansion of 
CD16+CD163+ 

monocytes/MΦs in 
HIV-1+ patients with 
detectable virus [63]. 

cFMS 61708 IgG1 
R&D 

Systems 

Fluorescein 
isothiocyanate 

(FITC) 
Extracellular 1:2 

A type III RTK 
expressed by myeloid 
lineage cells. Receptor 
for IL-34 and M-CSF 
involved in promoting 

monocyte survival, 
maturation, 

differentiation and 
migration (reviewed 

by [4]). 

IL-34 578416 IgG1 
R&D 

Systems 
R-Phycoerythrin 

(PE) Intracellular 2:5 

A ligand of the 
cFMS receptor 

discovered in 2008 via 
high-throughput 
screening [294]. 

M-CSF 26786 IgG2A R&D 
Systems 

Allophycocyanin 
(APC) Intracellular 1:50 

A known-ligand of 
cFMS.  Reported to be 

increased in the 
cerebral spinal fluid 
(CSF) of adults and 
children with HIVE 

[203]. 

 
 
 

IL-10 
JES3-
19F1 IgG1 

BD 
Biosciences 

Allophycocyanin 
(APC) Intracellular 1:10 

Expression of this 
cytokine is typically 
associated with the 
MΦ-2 population 

(reviewed by [27]).  It 
has been reported to 

be upregulated in 
HIV-1 infection [313]. 

Table 2.3.  Antibodies Used for Flow Cytometry Analysis for in Vitro Studies with 
Healthy Human PBMC and U87 Cells 
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collected on an LSRII Analyzer (BD) and analyzed using FlowJo version 8.8.7.  

(TreeStar).  Monocytes were defined within a broad gate, based on forward and side 

scatter properties and further refined by CD14 expression.  Live/dead discrimination was 

made using a Live/Dead Fixable Blue Dead Cell Stain Kit (Invitrogen).    

 

2.12  HIV-1 p24, M-CSF and IL-34 Quantification 

HIV-1 production was measured in cell culture supernatant by enzyme-linked 

immunosorbant assay (ELISA) using the HIV-1 p24 Antigen Capture Assay (Advanced 

Bioscience Laboratories).  The concentrations of M-CSF and IL-34 in supernatants from 

cultured PBMC and microglia were determined by ELISA using the Human M-CSF 

Quantikine ELISA Kit (R&D Systems) and Human IL-34 Quantikine ELISA Kit (R&D 

Figure 2.1.  Back Gate Analysis of Four Distinct Monocyte Populations Using 
FlowJo Software (Treestar).   
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Systems), according to the manufacturer’s instructions.  Samples were assayed in 

duplicate.  The optical density of each well was measured at 450nm with 570nm λ 

correction using a plate reader (Dynex).  Duplicate tests were presented in the form of the 

mean value ± the standard deviation.   

 

2.13  Statistical Analyses   

Multiple t-tests were performed for pairwise comparisons of the monocyte subset 

frequencies with and without U87-conditioned culture media and with and without drug.  

The frequency of monocyte populations among different treatment conditions was 

compared using one-way ANOVA with Tukey’s multiple comparisons post-test.  

Statistical analyses were performed using Prism 6 for Mac OS X (GraphPad Software, 

version 6.0d).  P-values ≤ 0.05 were considered statistically significant.   
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CHAPTER 3 

CD16+CD163+ MONOCYTE FREQUENCY IN AN HIV+ COHORT 

 

3.1  Introduction    

 Considering the significance of MΦs and the potential importance of altered 

monocyte/MΦ homeostasis in AIDS progression and the development of viral reservoirs, 

we previously examined the peripheral blood of HIV infected and seronegative 

individuals for alterations in monocyte subsets at a single time-point.  These studies 

revealed, for the first time, that the CD16+CD163+ monocyte subset is significantly 

expanded in HIV infected individuals with detectable viremia, as compared to HIV 

infected individuals with undetectable viral loads and healthy, seronegative volunteers 

[2].  Moreover, expansion of the CD16+CD163+ monocyte subset correlates significantly 

with viremia [2].  We also observe that expansion of the CD16+CD163+ subset correlates 

inversely with CD4+ T cell number in patients with T cell counts less than 450 cells/µl 

[2].  This is, to our knowledge, the first time that the expansion of any monocyte subset 

has been correlated with viral load or CD4+ T cell loss.  In contrast, CD16+ monocyte 

frequency (including those that co-express CD163) does not correlate significantly with 

CD4+ T cell count or viral load in these same patients [2].  

 Limitations of this initial study led us to repeat the cross-sectional analysis of 

CD16+CD163+ monocyte frequency in HIV+ individuals with modified inclusion criteria.  

Because all but two subjects in the cohort with detectable viremia were naïve to cART 

therapy and the frequency of CD16+CD163+ monocytes in individuals with undetectable 
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viremia was slightly suppressed as compared to seronegative individuals, we could not 

rule out the effect of cART, itself, in decreasing the frequency of this subset.  For this 

second cross-sectional study, we recruited individuals that were on cART therapy for at 

least 12 weeks prior to participation in our study.  Again, we characterized monocytes 

based on their expression of CD16 and CD163 in PBMC by flow cytometry. 

 

3.2  Results  

 Whole blood was collected from forty-one patients from the Temple 

Comprehensive HIV Program at Temple University Hospital (Director: Ellen M. Tedaldi, 

MD) (Table 3.1).   Twenty-one HIV-1+ individuals with undetectable viremia (Table 3.2) 

and twenty HIV-1+ individuals with detectable viremia (Table 3.3) were recruited to the 

study.  PBMC were isolated and then incubated with fluorochrome-conjugated antibodies 

for flow cytometric analysis.  Age was not found to differ significantly between cohorts 

(data not shown).  

   

 

 

  
Undetectable viral 

load (n=21) 
Detectable vial 

load (n=20) 
Ethnicity    
          African American or black 14 (66.7%) 15 (75.0%) 
          Hispanic or Latino  7 (33.3%) 5 (25.0%)  
Age (years) 44.29 ± 7.81 46.70 ± 8.86 
Gender    
          Female 11 (52.4%) 9 (45.0%) 
          Male 10 (47.6%) 11 (55.0%) 

Table 3.1.  Human Subject Demographics. 
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Table 3.2.  Viral Load and CD4 Count in HIV+ Subjects with Undetectable 
Viremia.    

Table 3.3.  Viral Load and CD4 Count in HIV+ Subjects with Detectable 
Viremia.    
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Figure 3.1.  The Frequency of the CD16+CD163+ Monocyte Subset is Increased in 
Patients with Detectable Viremia.  20mL of peripheral blood was obtained from 41 
patients receiving care from the Temple Comprehensive HIV Program at Temple 
University Hospital (Director: Ellen M. Tedaldi, MD).  All study subjects were on cART 
for at least 12 weeks prior to peripheral blood collection, except for one individual with 
detectable viremia whose cART regimen was changed 8 weeks prior to enrollment.  In the 
context of this single time-point study, the frequency of CD16+CD163+ monocytes is 
higher in HIV-1+ individuals with viremia (n=20) as compared to HIV-1-infected 
individuals without (n=21) (p=0.0027).   

Figure 3.2.  Monocyte Homeostasis is Altered in HIV-1 Infection.  The frequency of 
CD16+CD163+ monocytes is greater in HIV-1+ patients with (B) detectable viremia, as 
compared to those without virus detection (A).  
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 The frequency of CD16+CD163+ monocytes is greater in HIV-1+ individuals with 

detectable viremia (n=20), as compared to those successfully controlling the virus (n=21) 

(p=0.0027) (Figure 3.1).   The percent frequency of the CD16-CD163+ and CD16-CD163- 

monocyte populations are similar in HIV-1+ individuals without viremia (n=21) as 

compared to HIV-1-infected individuals with viremia (n=20) (data not shown).  The most 

significant difference in percent frequency between cohorts is seen in comparing the 

CD16+CD163- and CD16+CD163+ monocyte subsets (Figure 3.2).  One potential 

explanation of this shift in monocyte subsets includes an altered immune environment 

that supports the expansion of a favored cellular subset.  A correlation between the 

CD16+CD163+ monocyte subset and CD4+ count or viral load was not identified (data not 

shown).   

 

3.3  Discussion  

 Monocyte subset analyses were performed to further assess cell phenotype at a 

single time-point in HIV-1 infected individuals on cART.  The frequency of 

CD16+CD163+ monocytes in PBMC from forty-one HIV+ donors was determined by 

flow cytometric analysis.  Consistent with previous studies, the CD16+CD163+ monocyte 

subset was found to be expanded in individuals with HIV infection with detectable 

viremia, as compared to those with undetectable viremia.  Because all recruited patients, 

with viremia and without, were on cART at the time of participation in our study, these 

findings suggest that cART, itself, is likely not responsible for the alteration in monocyte 

homeostasis observed in HIV+ individuals with detectable viremia.  Further, these 
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findings suggest that a relationship exists between HIV and the CD16+CD163+ monocyte 

subset.   

 One limitation of our small study relates to the complexity of the regulation of the 

expression of CD16 by monocytes.  Two known factors that alter monocyte expression of 

CD16 are age [314-317] and chronic immune disease [111, 112].  Age was not found to 

differ significantly between cohorts and; therefore, is unlikely to be responsible for the 

increase of CD16+CD163+ monocytes observed in HIV+ individuals with viremia.  The 

elevation of CD16+CD163+ monocyte frequency that is observed in some subjects may 

be due to chronic inflammation (i.e., heart disease, autoimmune processes), unrelated to 

HIV-1 infection.  Further large-scale studies are needed to determine the respective 

contribution of chronic disease to modulation of this monocyte subset.  Despite this, 

further study of the CD16+CD163+ monocyte subset in HIV is needed to determine its 

potential role in CNS disease.   
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CHAPTER 4 

EVIDENCE FOR cFMS SIGNALING THROUGH BOTH KNOWN LIGANDS,  

M-CSF AND IL-34, IN SIV NEUROPATHOGENESIS 

 

4.1  Introduction   

 Microglia and macrophages (MΦ)s found within compartments associated with 

the central nervous system (CNS), such as perivascular MΦs, are essential to fighting off 

foreign pathogens, as well as, maintaining CNS homeostasis.  Injury to the CNS results in 

rapid activation of microglia and CNS-associated MΦs, which upregulate numerous cell-

surface and soluble factors that trigger or amplify innate and acquired immune responses.  

The type, degree and length of the microglial/MΦ response to injury can determine 

whether they are neuroprotective or contribute to neurodegeneration.  In addition to their 

pro-inflammatory functions and role in coordinating an adaptive immune response, tissue 

MΦs, including microglia, are involved in resolving inflammation and tissue remodeling 

and repair.  To perform these varied functions, MΦ activation is considerably plastic and 

heterogeneous; broadly classified into two primary subclasses of classical (MΦ-1) and 

alternative (MΦ-2) activation, based on distinct functional and phenotypic characteristics.  

Classically activated, pro-inflammatory MΦ-1s secrete interleukin (IL)-12 and support T 

helper (TH)1 cell responses [318, 319].  In contrast, alternatively activated, anti-

inflammatory MΦ-2s secrete IL-10, suppress TH1 function, and stimulate TH2 cell 

production [320].  A balance between classical and alternative activation is necessary for 

appropriate immune function.  In a healthy immune response, MΦs are believed to 
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rapidly shift from one activation state to another in response to external stimuli [199]. 

 Although MΦ-2s are often considered “favorable” due to their role in resolving 

inflammation, inducing tolerance and promoting wound healing [319, 321, 322], an 

increase in the frequency of MΦ-2-polarized MΦs is believed to have injurious results 

associated with their transcriptional output in many chronic inflammatory conditions, 

including rheumatoid arthritis, atherosclerosis and obesity [323-326].  In addition, 

extensive or prolonged MΦ-2 polarization may contribute to disease pathogenesis by 

weakening host immunity.  For example, soluble factors produced by tumor-associated 

MΦs, which are reported to express markers consistent with MΦ-2-polarization [327], 

contribute to the impaired immune surveillance seen within the glioma microenvironment 

[328].   

 Many individuals with HIV infection develop varying degrees of cognitive 

impairment, collectively termed HIV associated neurocognitive disorders (HAND).  

Although the pathogenesis of HAND is not completely understood, activated microglia 

and infiltrating MΦs into the CNS are believed to play a prominent role in its 

development and/or progression.  Previously, we reported expansion of a monocyte 

subset in viremic HIV infected subjects that is phenotypically similar to activated 

microglia and accumulating MΦs in brains of those with HIV encephalitis (HIVE), a 

histopathological correlate of the most severe form of HAND, HIV-associated dementia 

(HAD) [33, 63, 101].  This monocyte/MΦ subset, which is CD16+CD163+, is also 

expanded in a relevant animal model of HIV infection, SIV infected rhesus macaques, 

and accumulates in brains of animals with SIVE [33, 329].  Recently, we reported mild-



 

 69 

to-moderate accumulation of CD163+ perivascular MΦs and microglia in autopsy brain 

from anti-retroviral treated-HIV infected persons without encephalitis, although to a 

much lesser degree than that seen in HIVE brain (In press, Current HIV Research).  This 

observation, as well as, other indications of neuroinflammation in all HIV+ cases studied, 

suggests that chronic neuroinflammation, even in the absence of productive infection in 

the brain, is a common feature of HIV and likely contributes to all degrees of HAND.  

Expression of CD163 has been used to phenotypically identify a subclass of MΦ-2s [52-

54] suggesting that the observed CD163+ MΦs and microglia in brain are MΦ-2 

activated/polarized.  The inciting factor of MΦ polarization in the context of HIV and 

SIV infection, however, is unclear. 

 A leading candidate molecule in MΦ-2 polarization of MΦs in HIV is MΦ 

colony-stimulating factor (M-CSF).  M-CSF has been shown in cerebral spinal fluid 

(CSF) of HIV infected individuals [203, 330] and is believed to support virus production 

and disease progression (for review [331]).  M-CSF is also a key modulator of MΦ-2 

activation of MΦs and promotes expression of both CD16 and CD163 by monocytes in 

vitro [332, 333].  Through immunohistochemical analyses of brain tissue from SIV 

infected rhesus macaques and in vitro studies of peripheral blood mononuclear cells 

(PBMC), we provide evidence that cFMS signaling, through both of its known ligands, 

M-CSF and/or interleukin (IL)-34, may promote and/or prolong MΦ-2 activation of 

microglia and accumulating MΦs in brains of SIV infected animals with encephalitis.  

Furthermore, infiltrating MΦs that accumulate perivascularly and within nodular lesions, 

which serve as the primary reservoir of productive SIV and HIV infection in the CNS 
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[33, 334] also appear to be the primary source of M-CSF in SIVE. 

 

4.2  Results  
 
 As we and others have shown previously, considerable accumulation of CD163+ 

MΦs and microglia is seen in brain of SIV infected animals with encephalitis (SIVE) [33, 

329] (Figure 4.1).  Using a bioquantification software system, quantification of CD163 

positivity in cerebral white matter of seronegative and SIV infected rhesus macaques, 

with and without encephalitis, reveals significant accumulation of CD163+ MΦs and 

microglia in SIVE, as compared to the SIV without encephalitis and seronegative 

groupings (Figure 4.1A and 4.1B).  This is seen on rounded, as well as, ramified 

microglia with thickened processes in the brain parenchyma (Figure 4.1A, Panel C), with 

considerable accumulation of CD163+ MΦs comprising perivascular cuffs and nodular 

lesions (Figure 4.1A, Panels F and G).  Animals with SIV infection, who did not acquire 

encephalitis, have comparatively less CD163 positivity in the brain parenchyma than 

animals with SIVE, however, infrequent areas in the parenchyma do show CD163 

expression by cells with microglial morphology with thickened processes, consistent with 

a highly activated phenotype (Figure 4.1A, Panel B).  This is a relatively rare occurrence 

that does not approach the significance of that seen in SIVE (Figure 1B), but may suggest 

a continuum of SIV-associated CNS disease.  More frequently, a greater number of 

CD163+ perivascular MΦs is seen in brains of SIV infected rhesus macaques without 

encephalitis than seronegative animals, however, markedly less are observed in SIVE 

(Figure 4.1A, compare Panels D, E, and F). 
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Figure 4.1.  CD163 is Upregulated in Brain in SIV Infection and SIVE.  A.  In frontal 
white matter of seronegative rhesus macaques, CD163 detection is limited to perivascular 
MΦs (Panel D).  CD163+ perivascular MΦs are more frequently observed in SIV infected 
animals (Panel E), with significant perivascular cuffing of CD163+ MΦs in those with 
encephalitis (Panel F).  In contrast to seronegative animals, few CD163+ cells are seen 
within the white matter parenchyma of animals with SIV infection but without encephalitis. 
In rare SIV cases, infrequent areas in white matter show CD163+ microglia, many 
appearing to be in an activated state with thickened, retracted processes (Panel B).   In 
SIVE, the number of parenchymal CD163+ cells greatly increases and appear to be highly 
activated (Panel C).  Significant accumulation of CD163+ cells is also observed within 
nodular lesions in SIVE (Panel G).  All panels are shown under oil immersion at 400X 
magnification.  B.  Quantification of CD163 immunohistochemistry reveals a significant 
increase in the percent of CD163 expression in frontal white matter of rhesus macaques 
with SIVE, as compared to seronegative (p<0.0001) and SIV infected animals without 
encephalitis (p=0.0021).  Data points represent percent expression of immunohistochemical 
staining in a single, randomly selected 0.31mm2 field of CNS tissue from two seronegative 
(!), four SIV+ (") and four SIVE (!) animals.  Twelve fields were analyzed per section. 
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 Previous studies have demonstrated that M-CSF promotes expression of CD16 

by monocytes in vitro [332, 333], which we’ve shown co-localizes markedly with CD163 

in brain of patients with HIVE, as well as in SIVE [33].  Because of the pathological 

association of CD16+CD163+ MΦs and microglia with HIVE, and the potential role of 

M-CSF in the expansion of this subset, as well as, promoting and/or advancing HIV/SIV-

associated brain injury, we examined brain tissue from seronegative and SIV infected 

rhesus macaques by immunohistochemistry for M-CSF expression.  These studies show 

that M-CSF is expressed by cells in cerebral white matter of seronegative and SIV 

infected animals with and without encephalitis (Figure 4.2A, Panels A-D).  Interestingly, 

compared to seronegative controls (Figure 4.2B).  Immunohistochemical quantification 

of SIVE cerebral white matter, which excluded perivascular cuffs and nodular lesions, 

shows an appreciable increase in M-CSF [325] expression, as compared to SIV without 

encephalitis, but remains significantly less than that seen in normal brain (Figure 4.2B).  

In contrast to parenchymal microglia, MΦs accumulating perivascularly and comprising 

nodular lesions in SIVE brain, show high M-CSF expression (Figure 4.2A, Panels G and 

I).  Of particular interest is the finding that these cells also appear to be the major 

reservoir of productive SIV infection in brain (Figure 4.2A, Panels H and J).   
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 Recently IL-34 has been shown to utilize the same receptor as M-CSF, cFMS, and 

exert similar biological effects on monocytes and MΦs [294, 307], suggesting a potential 

role for IL-34 in HIV and SIV-associated brain injury.  Immunohistochemical analysis of 

IL-34 expression in the brains of seronegative and SIV infected rhesus macaques shows 

Figure 4.2.  Accumulating MΦs are the Principle Source of M-CSF in SIVE Brain 
and are Associated with Productive Virus.  A.  M-CSF is normally expressed by glia in 
frontal white matter of seronegative rhesus macaques (Panels A and E).  Expression is 
also detected in SIV infected animals (Panels B and F), including those with SIVE (Panels 
C, G, and I).  MΦs that comprise perivascular cuffs (Panel G) and nodular lesions (Panel 
I) appear to be the primary source of M-CSF in SIVE brain and coincide with the 
principle reservoir of productive SIV infection (Panels H and J).  All panels shown at 
400X under oil.  B.  Interestingly, bioquantification of M-CSF expressing cells in brain 
shows a decrease in SIV infection with and without encephalitis, as compared to 
seronegative animals (p<0.0001).  SIV infected animals with encephalitis have increased 
M-CSF expressing glia, as compared to those without encephalitis (p=0.04) but this does 
not approach the degree of normal expression.  Data points represent percent expression 
of immunohistochemical staining in a single randomly selected 0.31mm2 field of CNS 
tissue from two seronegative (!), four SIV+ (#) and four SIVE (!) animals.  Nodules 
and cuffs were excluded in quantification of M-CSF expression in SIVE to determine the 
degree of expression by resident glia.  Twelve fields were analyzed per section. 
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that, like M-CSF, IL-34 is normally expressed by perivascular MΦs and resident 

microglia (Figure 4.3A, Panels A and E). This is largely unchanged in SIV infected 

animals with and without encephalitis (Figure 4.3A, Panels B, C and F; Figure 4.3B) and 

is not associated with SIVE pathology (Figure 4.3A, Panels D, G, and H).  In stark 

contrast to M-CSF, the frequency of IL-34+ cells comprising perivascular cuffs and 

Figure 4.3.  The Frequency of IL-34+ Glia Appear to be Unchanged in Brain of 
Seronegative and SIV Infected Rhesus Macaques.  A.  In frontal white matter of 
rhesus macaques, IL-34+ cells are observed in the white matter parenchyma of 
seronegative (Panel A), SIV+ (Panel B), and SIVE (Panel C) animals.  Although 
expressed in the presence and absence of infection, the morphology of the IL-34+ cells 
appears to change with disease progression.  IL-34+ cells found around blood vessels in 
healthy macaques (Panel E) and animals with SIV infection (Panel F) may be 
perivascular MΦs and/or endothelial cells based on their location and morphology.  The 
vascular findings in the absence of encephalitis are modest in comparison to the increase 
in expression of IL-34 seen within perivascular cuffs in animals with SIVE (Panel D), 
which display heterogeneous expression of the cytokine.  Multinucleated giant cells do 
not express IL-34, however, activated IL-34+ cells appear to surround these areas of 
pathology (Panel G).   Similarly, brightly expressing cells surround nodular lesions, 
which only display dim, heterogeneous expression of IL-34 throughout (Panel H).  All 
panels are shown at 400X magnification under oil.  B.  Bioquantification shows no 
significant changes in white matter IL-34 expression among all groupings.  Data points 
represent percent expression of immunohistochemical staining in a single randomly 
selected 0.31mm2 field of CNS tissue from two seronegative (!), four SIV+ (#) and 
four SIVE (!) animals.  Twelve fields were analyzed per section. 
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nodular lesions is considerably less than those expressing M-CSF (compare Figure 4.2A, 

Panels F and G with Figure 4.3A, Panels D and H). 

 In addition to M-CSF and IL-34 expression by cells in cerebral white matter, both 

cytokines were found to be expressed by neurons in brain of non-infected rhesus 

macaques (Figure 4.4A, Panels A and D).  Similar to M-CSF in white matter, neuronal 

expression of M-CSF is significantly decreased in SIV infection, with an even greater 

Figure 4.4.  Normal Neuronal M-CSF and IL-34 Expression is Altered in SIV and 
SIVE.  A.  Cells with neuronal morphology in frontal grey matter of rhesus macaques 
express M-CSF (Panels A, B, and C) and IL-34 (Panels D, E, and F), regardless of the 
presence of SIV infection.  Panels are shown at 400X under oil.  B.  Quantification 
analyses reveal neuronal M-CSF expression is significantly decreased in brain of SIV 
infected animals, with and without encephalitis, as compared to seronegative controls 
(p<0.0001).  The decrease in neuronal M-CSF is greatest in animals with SIVE, which 
is significantly less than SIV infected animals without encephalitis (p=0.004).  C) In 
contrast to M-CSF, IL-34 quantification demonstrates an increase in neuronal IL-34 
expression in SIVE, as compared to seronegative (p=0.017) and SIV+ animals 
(p=0.0003).  Data points represent percent expression of immunohistochemical 
staining in a single randomly selected 0.31mm2 field of CNS tissue from two 
seronegative (!), four SIV+ (#) and four SIVE (!) animals.  Twelve fields were 
analyzed per section. 
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reduction seen in those with encephalitis (Figure 4.4A, Panels B and C; Figure 4.4B).  In 

contrast, neuronal IL-34 expression in SIV is similar to seronegative animals, but is 

significantly increased in SIVE (Figure 4.4A, Panels E and F; Figure 4.4C). 

 To begin to understand the mechanisms driving CD16+CD163+ expression by 

MΦs and microglia in SIV infection and SIVE, we examined the effect of media from 

cultured U87 cells, a primary human glioblastoma cell line, on human monocyte subset 

frequencies in vitro.  PBMC, isolated from whole blood of seronegative, healthy 

volunteers, were cultured in complete RPMI containing 2% FBS and supplemented with 

50% U87- 

Figure 4.5.  cFMS Inhibition Decreases the Frequency of CD16+CD163+ Human 
Monocytes.  PBMC cultured in the presence of U87-conditioned media for 24 hours 
show an increase in the percent frequency (%fx) of CD16+ and CD163+ monocytes 
(CD14+) as compared to PBMC cultured in complete media.  Many monocytes co-
express these markers, as the frequency of CD16+CD163+ monocytes is also increased 
under these culture conditions.  The upregulation of CD16 and CD163 is abrogated by 
the addition of the tyrosine kinase inhibitor (TKI), GW2580, which is reported to be 
highly specific for the cFMS receptor.  This is demonstrated by a decrease in the 
frequency of CD16 and CD163 expression by PBMC cultured with 4.7µM GW2580.  All 
comparisons are significant (p<0.0001). 
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50% U87-conditioned culture media or RPMI containing 10% FBS for 24 hours.  Cells 

were harvested and analyzed by flow cytometry, which showed that U87-conditioned 

culture media significantly increased the frequency of CD16+, CD163+, and 

CD16+CD163+ monocytes (CD14+), as compared to cells cultured in complete media 

(Figure 4.5).  We further examined the ability of GW2580, a tyrosine kinase inhibitor 

(TKI) reported to have high specificity for cFMS, to counter the phenotypic alterations 

exerted on monocytes by U87-conditioned culture media.  These studies show that 

blocking cFMS signaling with GW2580 reduces the frequency of CD16+, CD163+, and 

CD16+CD163+ monocytes (CD14+) cultured in U87-conditioned culture media to 

Figure 4.6.  M-CSF and IL-34 Increases the Frequency of CD16+CD163+ Monocytes 
In Vitro.  A.  At 24 hours, the amount of M-CSF is increased in supernatant collected 
from PBMC cultured with U87-conditioned media, as compared to supernatant from 
PBMC cultured in complete media, suggesting that M-CSF mediated the increased 
frequency of CD16+CD163+ monocytes in PBMC cultured in U87-conditioned media.  
IL-34 expression, however, was higher in the supernatant of PBMC cultured in complete 
media as compared to U87-conditioned media, but was not at a concentration that 
induced the CD16+CD163+ phenotype.  B.  Culturing PBMC in complete media and a 
higher concentration of IL-34 (2.5ng/ml) increased the frequency of CD16+CD163+ 
monocytes, demonstrating that both cFMS ligands are capable of promoting expansion 
of this monocyte subset.  The capacity of IL-34 for expanding this subset is significantly 
decreased by the addition of the cFMS inhibitor, GW2580. 
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frequencies similar to those cultured in complete media (Figure 4.5).  M-CSF and IL-34 

ELISAs of the complete and U87-conditioned culture medias show that M-CSF is present 

in high concentrations in the U87-conditioned media but is undetectable in complete 

media (Figure 4.6A, right axis).  These findings suggest that M-CSF in the U87-

conditioned media is driving CD16+CD163+ monocyte expansion in our in vitro studies.  

In contrast, IL-34 is only detected in complete media (Figure 4.6A, left axis), but at a 

much lower concentration than M-CSF in the U87-conditioned media.  Using a higher 

concentration than that seen in complete media, IL-34-treated PBMC display an 

increased frequency of CD16+CD163+ monocytes, which is countered with the addition 

of GW2580 (Figure 4.6B). 

 
5.3  Discussion    

 HIV-associated neurocognitive disorders (HAND) remain a significant 

complication of HIV infection, affecting the majority of individuals with HIV, including 

those successfully controlling viremia with combination anti-retroviral therapy (cART).  

While the neuropathogenesis of HAND is not completely understood, chronic 

inflammation, involving significant accumulation of activated MΦs and microglia, is a 

prominent feature found in brain from HIV infected individuals.  Through the continued 

release of soluble factors that may be directly or indirectly neurotoxic, these activated 

myeloid cells likely contribute to the clinical symptoms of HAND, as well as, drive its 

progression, even in the absence of detectable virus in the brain.   M-CSF, an important 

hematopoietic cytokine involved in monocyte/MΦ proliferation, differentiation, and 

survival, is believed to promote and/or contribute to HIV neuropathogenesis through its 
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ability to increase the susceptibility of MΦs and microglia to HIV infection and promote 

virus production in these cells, as well as, induce chemotaxis of activated 

monocytes/MΦs into the CNS.  M-CSF is also an important modulator of MΦ/microglial 

activity and has been implicated in the pathogenesis of other neurodegenerative diseases, 

including Alzheimer’s disease [335]. 

 M-CSF is increased in CSF of adults with the most severe form of HAND, HAD 

[203], and has been shown to associate with neurocognitive decline in some HIV infected 

individuals [336].  Although microglia, the primary modulators of immune activity in the 

CNS, express M-CSF, it has also been reported to be expressed by neurons and astrocytes 

[337, 338].  As such, any or all of these cells may contribute to the pool of CSF M-CSF 

in HIV infection.  The cellular source of M-CSF in brains of HIV infected humans or SIV 

infected rhesus macaques, however, has not yet been identified.  Here, we show for the 

first time, significant M-CSF positivity by MΦs accumulating perivascularly and within 

nodular lesions in SIVE.  Previously, we reported that these MΦs are phenotypically 

similar to cells that have recently entered the brain in HIVE and SIVE [33, 101], 

suggesting that infiltrating monocytes and MΦs from the peripheral blood are a rich 

source of M-CSF in SIVE brain.  In addition, we found the number of M-CSF-expressing 

resident brain cells is significantly decreased in SIV infection, as compared to non-

infected animals, regardless of the presence of encephalitis.  Likewise, neuronal 

expression is also decreased in SIV, as compared to seronegative animals, with an even 

greater reduction seen in those with encephalitis.  Together, these findings suggest that 

infiltrating monocytes and MΦs that accumulate perivascularly and within nodular 
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lesions, rather than resident cells, are the primary source of M-CSF in SIVE brain. 

 The finding that M-CSF expression by resident CNS cells is surprising and what 

is behind the apparent decrease in M-CSF is unclear.  It is possible that, as M-CSF can 

exist in both membrane-bound and soluble forms [339], the perceived decrease in M-CSF 

may be due to increased secretion of the protein by astrocytes and/or microglia in 

response to neuroinflammation associated with SIV infection.  In support of this notion, 

in vitro studies using mouse astrocytes report increased astrocytic M-CSF secretion in 

response to stimulation with tumor necrosis factor (TNF)-α or IL-1β, cytokines found to 

be elevated in CSF and post-mortem brain tissue of HIV infected individuals with severe 

neurocognitive impairment [340].  This same study demonstrated that, while specific 

stimuli promoted M-CSF release by astrocytes in vitro, it did not upregulate M-CSF 

mRNA [338].  This may suggest that astrocytes contribute to an initial burst of M-CSF 

expression that would coincide with a rapid upregulation of its receptor, cFMS, by 

microglia, which has been reported in a mouse model of acute CNS injury [337], but does 

not sustain high levels of production in chronic inflammation of the CNS, such as that 

seen in HIV and SIV infection. 

 In addition to serving as the primary source of M-CSF in SIVE brain, perivascular 

MΦs and nodular lesions appear to be the primary reservoir of productive SIV infection 

in the brain, in agreement with earlier studies by us and others [101, 334].  In HIV 

infection, the relationship between the HIV and M-CSF constitutes a positive-feedback 

loop, where HIV infection of MΦs increases M-CSF production, which, in turn, enhances 

the susceptibility of MΦs to HIV infection and promotes virus replication [205, 341, 
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342].  This increase in susceptibility occurs through alterations in monocyte 

differentiation and/or activation by M-CSF, rather than a direct effect of M-CSF on the 

virus [205, 341, 342].  Additionally, M-CSF serves as a key factor in MΦ survival and as 

such, it is plausible that M-CSF expression by infiltrating infected MΦs plays a major 

role the development and maintenance of long-lived viral MΦ/microglial reservoirs in the 

CNS compartment. 

 A second cFMS ligand, IL-34 [294], is also expressed by resident brain cells in 

rhesus macaques with and without SIV infection. Although no difference is seen in the 

number of IL-34+ glia, the number of IL-34 expressing neurons is significantly increased 

in animals with SIVE but not in those without encephalitis.  The role of IL-34 expression 

by neurons is not clear, however, it appears to be an important factor in the developing 

brain [296], possibly through supporting neuronal survival.  In recent work, Luo et al. 

demonstrated that systemic administration of either cFMS ligand is neuroprotective in a 

transgenic mouse model of Alzheimer’s disease [224].  As neurons, astrocytes, 

oligodendrocytes and microglia may all express cFMS [224, 254, 343], it is unclear if this 

is a direct and/or indirect effect of M-CSF and/or IL-34 on neurons.  In our study, we 

found that while neuronal IL-34 remains unchanged in SIV infected animals without 

encephalitis, as compared to seronegative controls, and is significantly increased in SIVE, 

neuronal M-CSF expression progressively decreases in SIV and SIVE.  This may support 

the idea of at least some distinct functions between IL-34 and M-CSF and suggest that 

IL-34 can act in an autocrine manner to promote neuron survival.  Although significant 

expression of M-CSF by perivascular and nodular MΦs is seen in SIVE, these MΦs do 
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not appear to produce appreciable levels of IL-34.  These findings support the notion of a 

spatial relationship between the two cytokines [296], where IL-34 expression and 

function appears to be limited to specific tissues [303] and M-CSF plays a larger role in 

the skeletal and hematopoietic systems.  Indeed, M-CSF, which is normally detected in 

plasma, may contribute to the increased frequency of circulating CD16+CD163+ 

monocytes in viremic HIV infected subjects observed by ourselves and others [63, 344-

346], as M-CSF increases the frequency of this subset in vitro.  In HIVE and SIVE brain, 

we find that the accumulating perivascular and nodular MΦs, as well as, resident 

microglia, are phenotypically similar to the expanded CD16+CD163+ monocyte subset.  

 Our immunohistochemical studies of SIV infected brain demonstrates that M-CSF 

is positioned to contribute to this phenotype around blood vessels, but not within the 

parenchyma, where M-CSF expression is significantly decreased in SIV, as compared to 

seronegative animals.  IL-34 also increases the frequency of CD16+CD163+ monocytes, 

which, like M-CSF, is abrogated by blocking cFMS signaling.  In contrast to M-CSF 

expression in brain, glial IL-34 expression appears to be unchanged between healthy and 

infected animals, where as neuronal IL-34 expression is actually increased in those with 

SIVE.  Together these data suggest that both cytokines contribute to this MΦ/microglial 

phenotype, which is consistent with MΦ-2 activation.  Because CD163 has been used to 

phenotypically identify a subclass of MΦ-2s [52-54] and M-CSF differentiates 

monocytes toward polarized MΦ-2 MΦs in vitro [59, 347, 348], we hypothesize that the 

significant number of CD16+CD163+ brain MΦs and microglia are skewed to an MΦ-2 

activation state in HIV and SIV infection.  As such, both IL-34 and M-CSF may promote 



 

 83 

and sustain MΦ-2 activation of invading MΦs and resident microglia. 

 In summary, for the first time we show that accumulating MΦs are the primary 

source of M-CSF in SIVE brain.  M-CSF expression by invading MΦs likely contributes 

to infection of accumulating MΦs and resident microglia in the vicinity of the M-CSF 

expressing MΦs, as well as, promotes virus production.  In addition to supporting MΦ-2 

polarization and an immunosuppressive environment in the CNS, it is plausible that M-

CSF, which also promotes MΦ survival, is significant to the development and 

maintenance of long-lived reservoirs of HIV infection in the brain.  Likewise, IL-34, 

which shares the same M-CSF receptor, cFMS, is increased by neurons in SIVE and may 

contribute to MΦ-2 polarization in the brain.  Effectively, these polarized cells may 

maintain an immunosuppressed brain environment that is tolerant of HIV and 

opportunistic pathogens, while contributing to neuropathogenesis through chronic 

inflammatory activation. 
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CHAPTER 5 

BLOCKING cFMS SIGNALING ATTENUATES HIV PRODUCTION IN 

HUMAN MICROGLIA IN VITRO  

 

5.1  Introduction   

 
As a major target of HIV and the first cell type believed to be infected, 

macrophages (MΦ)s facilitate the establishment of HIV infection through virus 

production and dissemination to T cells and other tissue MΦs.  In addition, infected MΦs 

aid in viral persistence by serving as long-lived cellular reservoirs of HIV in tissues 

where these cells reside, such as the central nervous system (CNS).  Here, CNS-

associated MΦs, which include perivascular MΦs, and resident microglia are the only 

cells found to harbor productive HIV and perivascular MΦs constitute the principle 

reservoir of productive virus in the brain [101].  Indeed, although HIV DNA can be 

detected in astrocytes and microglia in brain of individuals with HIV infection but 

without CNS disease, it is most consistently observed in perivascular MΦs, even in the 

absence of detectable virus production in the brain [349]. 

In addition to presenting a major obstacle in virus eradication, long-lived MΦ 

reservoirs of HIV in the brain are believed to contribute to the development and 

progression of HIV-associated neurocognitive disorders (HAND), which remain a 

significant clinical concern, even among those successfully controlling viremia with 

pharmacological intervention [350].  Although the pathogenesis of HAND is not 

completely understood, chronic activation of infected and non-infected MΦs and 
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microglia, which produce soluble factors that can impair neuronal and glial cell functions, 

as well as enhance and maintain neuroinflammation, is believed to play a prominent role 

in the development and progression of HIV-associated CNS injury.  As such, 

investigations into how the MΦ viral reservoir is established and maintained are 

necessary for designing therapeutic strategies aimed at this cellular reservoir and the 

prevention or treatment of HAND.   

A significant factor in MΦ development and survival, macrophage colony-

stimulating factor (M-CSF), may also play a prominent role in the development and 

maintenance of long-lived MΦ reservoirs of HIV infection in the brain.  M-CSF, which is 

increased in cerebral spinal fluid of adults and children with HIV infection [203, 330], 

enhances the susceptibility of MΦs to HIV infection and promotes virus replication [205, 

341, 342].  In turn, HIV infection promotes M-CSF production [341]  and through its 

normal biological activity, M-CSF supports MΦ survival.  Recently, we observed robust 

M-CSF expression by cells accumulating perivascularly and within nodular lesions in 

SIVE brain (manuscript in review).  This coincides with cells that we and others have 

previously shown are the principal reservoir of productive HIV and SIV infection in brain 

[101, 334].  In earlier work, we found that the perivascular and nodular MΦs that 

accumulate in HIVE brain express markers suggestive of recent entry from the peripheral 

blood into the CNS compartment [42, 101].  If M-CSF expression by these cells, some of 

which may harbor virus, supports the production and spread of HIV to other brain MΦs 

and microglia, as well as promote MΦ survival, M-CSF may be an attractive target for 

therapeutic intervention. 
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M-CSF, which signals through cFMS, has recently been shown to share its 

receptor with interleukin (IL)-34 [294], but with reported differences in receptor affinity, 

signaling strength and expression profiles between the two cytokines [307].  cFMS 

ligation by either M-CSF or IL-34, however, results in phosphorylation of the same 

tyrosine residues within the intracellular portion of the receptor, suggesting potential 

shared functions by the two ligands  [296, 307].  It is reasonable, therefore, to suspect that 

both IL-34 and M-CSF support the development and maintenance of MΦ HIV reservoirs 

through cFMS signaling.  In the work presented here, we show that perivascular and 

nodular CD163+ MΦs are the primary source of M-CSF, but not IL-34, in SIVE.  We 

further demonstrate that both M-CSF and IL-34, which are expressed by microglia, as 

well as other cells in the CNS, enhance HIV-1 production in microglia in vitro.  This is 

attenuated by the addition of a receptor tyrosine kinase inhibitor with high specificity for 

cFMS, GW2580.  These findings suggest that cFMS signaling may be an attractive target 

for eliminating long-lived MΦ reservoirs of HIV infection in brain, as well as other 

tissues.   

 

5.2  Results 

 Using double-label immunohistochemistry on brain from SIV infected rhesus 

macaques with encephalitis (SIVE), we find that the CD163+ cells we and others have 

reported previously accumulate perivascularly and within nodular lesions [33, 329] are a 

principle source of M-CSF in SIVE brain (Figure 5.1, Panels F and I).  Although CD163+ 

microglia (Figure 5.1, Panel A) do not express M-CSF in SIVE (Figure 5.1, Panel C), M-

CSF does appear to be produced by other CD163- glia (Figure 5.1, Panel B), consistent 
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with our findings in brain of seronegative animals and those with SIV infection but 

without encephalitis (data not shown).    

 
  

Figure 5.1.  M-CSF is Expressed by Activated MΦs and Microglia within 
Perivascular Cuffs and Nodular Lesions in Brains from Rhesus Macaques with 
SIVE.  CD163+ microglia (Panel A) do not appear to express M-CSF in white matter 
(Panel C); however, M-CSF is produced by other glial cells (Panel B).  Significant co-
localization of CD163 (Panels D and G) and M-CSF (Panels E and H) is found within 
perivascular cuffs and nodular lesions (Panels F and I).  
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In contrast to M-CSF, CD163+ microglia do express IL-34 in SIVE (Figure 5.2) 

but, outside of the upregulation of CD163, appears to be unchanged from that observed in 

brain of seronegative animals and those with SIV infection but without encephalitis (data 

Figure 5.2.  Activated CD163+ Microglia Express IL-34 in Brain Parenchyma of 
Rhesus Macaques with SIVE.  In white matter, CD163+ microglia (Panel A), as well 
as other glia (Panel B), appear to be IL-34+ (Panel C).  IL-34 expression is limited to 
cells in the vicinity of perivascular cuffs (Panel E), as CD163+ MΦs that accumulate 
perivascularly (Panel D) do not appear to express appreciable levels of IL-34 (Panel 
F).  In contrast to perivascular cuffs, IL-34 is more highly expressed within nodular 
lesions (Panel H), yet has little overlap with CD163 (Panel I).  
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not shown).  In SIVE, CD163+ microglia (Figure 5.2, Panel A), as well as CD163- glia, 

express IL-34 (Figure 5.2, Panel C).  Also, in contrast to our observations of M-CSF, IL-

34 expression appears to be limited to parenchymal microglia in the vicinity of 

perivascular cuffs (Figure 5.2, Panel E), but is not seen to a great extent in cells that 

comprise the cuffs, themselves (Figure 5.2, Panel F).  As compared to cuffs, IL-34 is 

more highly expressed within nodular lesions (Figure 5.2, Panel H), however little 

overlap is seen with CD163 (Figure 5.2, Panel I).  

To begin to understand the effect of M-CSF and IL-34 on HIV-1 replication in 

microglia, we infected primary human microglia with an M-tropic HIV-1 isolate, 

92US727, with and without 5ng/ml of rhM-CSF or rhIL-34.  Both cytokines appear to 

enhance to virus replication, similarly, as determined by HIV-1 p24 quantification 

(Figure 5.3, Panel A).   This is greater than that observed in microglia without M-CSF or 

IL-34 treatment, however, statistical significance is not reached, largely due to the 

presence of a single outlier in the “media only” grouping.   

Enhanced HIV-1 production by M-CSF or IL-34 is attenuated by the addition of 

GW2580, a tyrosine kinase inhibitor with high specificity for the receptor cFMS, which 

is shared by both cytokines (Figure 5.3, Panel B).  At the lowest concentration assayed, 

47nM, virus production was inhibited similarly in both M-CSF and IL-34 treated 

microglia but, interestingly, this was not seen with other drug concentrations.  While, 

virus production showed greater suppression in M-CSF treated microglia treated with 

470nM GW2580, it was increased in IL-34 treated cells to similar levels seen in IL-34 

treated cells without inhibitor and with substantial variability.  The addition of 4.7µM  
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drug appeared to also show significant variability in both M-CSF and IL-34 treated 

microglia.  The high standard deviations observed at the greater drug concentrations may 

be due to “off-target” effects of GW2580, as well as variations within the cells, 

themselves.  Although high variability in the ability of cFMS inhibition to reduce virus 

production is observed within each grouping, when assessed ‘per well’, reduced virus 

replication is seen at all drug concentrations, as compared to the same cells (same culture 

well) without inhibitor (Figure 5.3, Panel C). 

 

5.3  Discussion    

Efforts toward HIV eradication have been thwarted by the ability of the virus to 

persist in cellular reservoirs in various anatomical compartments.  Even in patients under 

successful pharmacological therapy, low-level virus production from these viral 

reservoirs can contribute to disease pathogenesis through the continued spread of virus, 

chronic immune activation, and disruption or impairment of cellular processes.  

Figure 5.3.  M-CSF and IL-34 Enhance Virus Production in Microglia In Vitro, 
which is Attenuated by cFMS Inhibition.  Primary human microglia were infected at 
MOI=0.5 with an M-tropic HIV-1 isolate, 92US727, with and without 5ng/ml of rhM-
CSF or rhIL-34.  Both cytokines appear to enhance to virus replication, similarly, 
compared to ‘media alone’, as determined by HIV-1 p24 quantification (Panel A).  This 
is attenuated by the addition of GW2580, a tyrosine kinase inhibitor with high 
specificity for the receptor cFMS, which is shared by both cytokines (Panel B).  At the 
lowest concentration, 47nM, virus production was inhibited similarly in both M-CSF 
and IL-34 treated microglia but not at other drug concentrations.  This may be due to 
“off-target” effects of GW2580, as well as variations within the cells, themselves.  
Although high variability in the ability of cFMS inhibition to reduce virus production is 
observed within each grouping, when assessed ‘per well’, reduced virus replication is 
seen at all drug concentrations, as compared to the same culture well without inhibitor 
(Panel C). 
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Furthermore, continued virus replication while on cART risks the development of virus 

that is resistant to the anti-viral effects through selective pressures that would favor the 

expansion of cART-resistant strains, leading to “cART failure” and development of 

AIDS. 

Tissue MΦs are well-recognized as an important reservoir of viral persistence in 

HIV infection.  In the brain, infected MΦs and microglia pose additional concerns due to 

the presence of virus and viral proteins, as well as chronic inflammation in the CNS, all 

of which contributes to the development and progression of HIV-associated 

neurocognitive impairment.  Previously, we reported that the significant accumulation of 

MΦs in HIVE brain are CD16+CD163+ and the MΦs that accumulate within cuffs and 

nodular lesions are the principal reservoir of productive virus in the CNS [33, 101].  

Here, we demonstrate substantial M-CSF expression by CD163+ MΦs that accumulate 

perivascularly and within nodular lesions in SIVE.  M-CSF enhances both virus 

production and the susceptibility of MΦs to infection [205, 341].  Expression by 

accumulating CD163+ MΦs would, presumably, promote virus replication in these cells 

and enhance the spread of virus to non-infected perivascular MΦs in SIVE, as well as 

resident microglia.  This notion is supported by the finding that microglia also harbor 

productive HIV-1 infection, although to a considerably lesser degree than MΦs in cuffs 

and nodules [101].  

IL-34, which utilizes the same M-CSF receptor, cFMS, is also seen in brain, but 

does not appear to co-localize with CD163 to the same degree as M-CSF.  Recent 

findings in mice indicate IL-34 is the dominant cFMS ligand within tissues, while M-CSF 
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has been more extensively studied in association with hematopoiesis and bone 

development [296, 303].  This may suggest that IL-34 and M-CSF have a spatial 

relationship that is complementary, rather than competitive.   

Like M-CSF, IL-34 supports monocyte production and differentiation to MΦs, 

monocyte/MΦ chemotaxis via C-C chemokine receptor type 2 (CCR2) and (C-C motif) 

ligand 2 (CCL2), and MΦ survival [294, 307, 308, 351], supporting a role for both 

cytokines in the pathogenesis of neuroAIDS.  Furthermore, we report here that M-CSF 

and IL-34 support virus replication in microglia to a similar degree, which is attenuated 

by inhibiting cFMS signaling.  Although additional studies are required to understand the 

mechanisms behind cFMS signaling and inhibition in HIV replication, these early studies 

identify cFMS as an attractive target for therapeutic design aimed at eliminating MΦ 

reservoirs of HIV infection. 

 

 

 

 

 

 

 

 

 

 



 

 94 

CHAPTER 6 

THE ROLE OF IONIZING RADIATION IN cFMS-MEDIATED IMMUNE 

POLARIZATION IN ASTROCYTOMAS 

 

6.1  Introduction   

 Astrocytomas are a group of central nervous system (CNS) tumors that share 

some structural characteristics with cells of the astrocyte lineage [352, 353].  These 

tumors are further graded based on histopathological findings, with grade IV astrocytoma 

being the most aggressive of the four subtypes [352].  Comprising less than 30% of the 

primary CNS tumors, grade IV astrocytomas are the most common type of malignant 

primary brain tumor [354, 355].  In 2009, its annual incidence was reported to be about 

10,000 cases [355].  Interestingly, due to the anticipated expansion of the elderly 

population in the United States, it is speculated that the number of grade IV astrocytomas 

diagnoses in 2050 will increase by 72% over current statistics [356].  The standard of 

care therapy for most individuals is surgical resection of the tumor followed by adjuvant 

radiation and chemotherapy [357, 358].  Despite the employment of these three 

modalities, the prognosis has only marginally improved over the past four decades [359].  

New strategies are currently being investigated in order to improve the outcomes for 

individuals that develop these tumors. 

 Immune dysfunction in individuals with high-grade astrocytomas may be one 

factor hindering the success of therapeutic strategies.  Importantly, Hanahan and 

Weinberg identified “evasion of immune destruction” as one of the emerging hallmarks 
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of cancer due to the growing evidence for its role in tumor progression [360].  In vitro 

and in vivo studies in models of high-grade astrocytoma have reported the presence of a 

dysfunctional tumor immune microenvironment with suppressed antigen-presentation 

and increased amounts of anti-inflammatory cytokines [361-364].  With this in mind, 

immune therapy is being explored as treatment for many different types of cancer, 

including astrocytomas, to correct these aberrations in the immune response [365, 366].   

 Many cancer treatment plans, including those for high-grade astrocytomas, utilize 

multiple modalities to improve therapeutic efficacy.  As mentioned, in addition to surgery 

and chemotherapy, radiation therapy (RT) is recommended to most individuals with 

newly diagnosed high-grade astrocytomas [367].  RT is not unique to the treatment of 

this malignancy, as it is used in nearly 52% of all cancers either as a therapy or palliative 

[368].  Despite its current status as an integral part of management, the utility of ionizing 

radiation (IR) in the treatment of high-grade astrocytomas was discovered accidentally in 

the late 1970s.  A controlled, prospective randomized study investigating the efficacy of 

the antineoplastic antibiotic, mithramycin, found the median survival of patients to be 

increased by 21 weeks with RT following surgical intervention [369].  Currently, 

evidence from randomized control trials suggest that individuals with grade IV 

astrocytomas that have relatively “good prognoses” should be treated with RT [370].  For 

over three decades, RT has remained a mainstay component in the treatment of this 

malignancy. 

 The term, radiation, generally refers to high-energy beams or rays.  It is 

classically organized into two categories: IR and non-ionizing radiation.  The most 
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commonly used unit of IR in clinical practice is the gray (Gy).  RT utilizes IR to produce 

numerous biological effects in targeted and bystander cells.  Importantly, through direct 

and indirect DNA damage, IR causes double and single-strand DNA breaks [371].  On a 

larger scale, it may result in genomic instability, chromosomal aberrations and/or sister-

chromatid exchanges [372].  Admittedly, most research has focused on the cytotoxic 

sequelae of RT; however, recent efforts have begun to explore the immune modulatory 

effects of RT [373].  Specifically, IR has been shown to increase MHC class I (MHC-I) 

expression in irradiated tissue and increase the number of tumor infiltrating lymphocytes 

[374, 375]. These immune cells produce pro-inflammatory cytokines and promote 

migration through upregulating chemokines [375, 376].  Although only few studies have 

investigated RT in this way, this modality may have a significant effect on the immune 

system that is currently being overlooked in the clinical realm.  

 One cell type that is believed to contribute to immune dysfunction in 

malignancies is tumor-associated macrophages (MΦ)s (TAMs).  These cells, which have 

been reported to be present in the astrocytoma microenvironment [377], participate in 

pro-tumor functions.  TAMs arise from monocytes that traffic into the CNS, following 

chemotactic factors produced by the tumor and tumor stroma cells [378].  They have 

been reported to resemble and behave similarly to anti-inflammatory MΦ-2s [379].  

TAMs make soluble factors like vascular endothelial growth factor (VEGF), that promote 

angiogenesis, in support of tumor growth [380].  Further, TAMs produce matrix 

metalloproteinases (MMPs) that erode cellular barriers, promoting metastasis [381].  
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Based on these findings and others, therapeutic strategies are currently being developed 

to target TAMs to treat malignancies.    

 cFMS has been implicated in several malignancy-supporting functions.  Pyonteck 

et al. reported decreased tumor growth, enhanced survival and altered phenotype of 

TAMs with the use of a small molecule inhibitor of cFMS in a murine xenograft model of 

astrocytomas [284].  From these studies, it appears that the change in TAM phenotype- 

away from tumor supporting-MΦ-2s- evidenced by a decrease in expression of markers 

including CD163, may be involved in the overall improved outcomes seen in these 

studies [284].  Interestingly, cFMS and its ligand, M-CSF, were reported to have a bone 

marrow-mobilizing effect following irradiation of prostate tumor xenografts [289].  RT 

increases the number of myeloid cells that extravasate into tissue, including into the CNS 

[289].  In the context of these studies, IL-34 was not detected and, thus, was considered 

not to be involved in cFMS–mediated bone marrow mobilization [289].  Together, these 

recent studies relay the importance of cFMS in astrocytomas, and specifically in those 

receiving the standard of care therapy, RT.   

 RT has been found to alter immune polarization through upregulating soluble 

factors that support the development of TAMs [284], which resemble MΦ-2s [379].  IR 

has recently been demonstrated to upregulate M-CSF mRNA in U87 cells [289].   

Further, M-CSF has been shown to polarize TAMs and other myeloid cells in the tumor 

environment towards MΦ-2 [284].   Although IL-34 has been thought to not be involved 

in cFMS-mediated pro-tumor functions, it was recently reported to interact with cFMS on 

the U251 primary glioma cell line [302].  Thus, we propose that IR, through a cFMS-
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dependent mechanism by M-CSF, and possibly IL-34, supports immune polarization in 

high-grade astrocytomas. 

 Here, we investigate the role of cFMS ligands, IL-34 and M-CSF, in cFMS-

mediated immune polarization in resected human astrocytomas and an in vitro model of 

high-grade astrocytoma.  We report the presence of cells expressing CD16 and CD163 in 

resected tumor samples.  In addition to previous studies by others that report the presence 

of M-CSF in tumors [382], we find IL-34 expression in resected human astrocytoma 

samples.  M-CSF is produced by U87s regardless of IR treatment, which appears to 

contribute to cFMS-mediated upregulation of CD16 and CD163 by monocytes in 

peripheral blood mononuclear cells (PBMC) cultured with U87 supernatant.  Further, we 

are the first to report that IR upregulates IL-34 production by U87 cells at 30hrs after RT.   

  

6.2  Results 

 Immunohistochemical studies of tissue from resected astrocytomas, reveal 

expression of CD16 in grade III (Figure 6.1, Panel B) and grade IV (Figure 6.1, Panel C) 

samples, but not in grade II (Figure 6.1, Panel A) samples.  Consistent with previous 

reports [379], we also find CD163 expression within the resected tissue in grades II-IV 

astrocytomas (Figure 6.1, Panels D-F).    

 Following IR treatment, we find the morphology of irradiated U87 cells to differ 

from the sham-irradiated cells (Figure 6.3A).  As compared to their untreated 

counterparts, U87 cells that received 4 Gy of IR appear to form fewer connections with 
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Figure 6.1.  CD16 and CD163 are Expressed in Resected Human Astrocytoma 
Tissue.   CD16+ and CD163+ cells are found in tissues from grade III and grade IV 
astrocytoma samples.  CD163+ cells are also found in grade II samples; however, 
CD16 expression is not apparent in either of the two cases analyzed.   
 

Figure 6.2.  IL-34 is Expressed in Resected Human Astrocytoma Tissue.   IL-34+ 

cells are found in tissues from grade II, grade III and grade IV astrocytoma samples.   
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neighboring cells and have rounder cell bodies.  There is not an apparent difference in the 

morphology of U87 cells exposed to 2 Gy IR as compared to sham-irradiated cells.  The 

number of viable U87 cells at 30hrs after treatment does not significantly differ following 

RT (Figure 6.3B).  

 When PBMC from a single healthy donor are cultured in the presence of complete 

media, RPMI with 10% FBS, or U87-conditioned media which consisted of 50% U87 

Figure 6.3.  Morphology and Count of U87 Cells After IR.  A. Sham-irradiated and 
U87 cells irradiated with 2 Gy appear to have similar morphology.  U87s exposed to 4 
Gy of IR demonstrate decreased cell contact and rounded cell bodies, as compared to 
unirradiated U87s.  B. The number of U87 cells is the same in sham and irradiated 
samples.  
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supernatant and 50% RPMI with 2% FBS, both CD16 and CD163 expression by CD14+ 

monocytes increases in U87-conditioned media, as compared to complete media (Figure 

6.4).  Many of these cells co-express CD16 and CD163, as the frequency of 

CD16+CD163+ monocytes is also increased (p<0.0001).  When U87s are irradiated with 

either 2 or 4 Gy, no difference is found in the frequency of CD16+ monocytes (Figure 

6.5A).  This is also true for the frequency of CD163+ monocytes (Figure 6.5B) and 

CD16+CD163+ monocytes (Figure 6.5C).  The upregulation of both monocyte phenotypic 

markers with the addition of U87 supernatant is inhibited (p<0.0001) with 4.7µM 

GW2580, a cFMS-specific inhibitor (Figure 6.5A-C).  

Figure 6.4. Culture with U87 Supernatant Upregulates CD16 and CD163 
Expression by CD14+ Monocytes in PBMC In Vitro.  PBMC from a single healthy 
donor demonstrate an increase (p<0.0001) in CD16 and CD163, separately, and by the 
same cells when cultured in U87-conditioned media (50% supernatant from cultured U87 
cells and 50% RPMI with 2% FBS), as compared to media only (RPMI with 10% FBS).   
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Figure 6.5.  The Effect of IR on U87-Mediated Changes in CD16+ and CD163+ 
Frequency of CD14+ Monocytes in PBMC.  PBMC from a single healthy donor are 
cultured in the presence of U87-conditioned media (50% U87 supernatant from cells 
irradiated with 2 Gy or 4 Gy or untreated (sham) and 50% RPMI with 2% FBS) with and 
without 4.7µM GW2580.  A.  CD16+ monocyte frequency increases with culture with 
U87 supernatant of cells exposed to 2 Gy, 4 Gy and untreated cells (p<0.0001).  B.  
CD163+ monocyte frequency increases with culture with U87 supernatant of cells 
exposed to 2 Gy, 4 Gy and untreated cells (p<0.0001).  C.  CD16+CD163+ monocyte 
frequency increases with the culture with U87 supernatant of cells exposed to 2 Gy, 4 Gy 
and untreated cells (p<0.0001).   
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 There is no difference in the frequency (Figure 6.6A) or mean fluorescence 

intensity (MFI) (Figure 6.6B) of M-CSF, as determined by flow cytometric analysis in 

U87 cells.  The frequency of IL-34+ U87s; however, is significantly increased following 

exposure to 4 Gy (p=0.026), as compared to sham irradiated U87s (Figure 6.6C).  No 

difference is found between the frequency of IL-34+ U87s in the sham irradiated and 2  

Figure 6.6.  M-CSF and IL-34 Expression by U87s at 30hrs after IR.  Expression of 
M-CSF and IL-34 are assessed at 30hrs after sham, 2 Gy or 4 Gy irradiation by flow 
cytometric analysis after intra-cellular staining with either α-M-CSF or α-IL-34 
fluorochrome-conjugated antibodies.  A.  The frequency of M-CSF-producing U87 cells 
is unchanged in sham, 2 Gy or 4 Gy irradiated samples.  B.  The MFI of M-CSF by U87 
cells is also similar in sham irradiated or 2 or 4 Gy irradiated cells.  C.  The frequency of 
IL-34-producing U87 cells is significantly increased (p=0.026) in 4 Gy irradiated U87s 
compared to sham irradiated cells.  No statistically significant difference is seen in the 
frequency of IL-34-expressing cells in samples of U87s irradiated with 2 Gy and 
unirradiated U87s.  D.  The MFI of IL-34 by U87 cells is also similar in sham irradiated 
and 2 or 4 Gy irradiated cells.   

C 
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Figure 6.8.  IL-10 is Upregulated by CD14+ Monocytes in Human PBMC when 
Cultured with U87-Conditioned Media from Cells Irradiated with 4 Gy.  PBMC 
from a single healthy donor are cultured with U87-conditioned media from U87s 
irradiated and not. The frequency (A) and MFI (B) of IL-10-producing CD14+ 
monocytes increases when cultured with supernatant from U87 cells treated with 4 Gy. 
 

Figure 6.7.  M-CSF and IL-34 Concentration in the Supernatant of Irradiated U87 
Cells is Altered Following IR Exposure.   M-CSF and IL-34 concentrations are 
assessed by ELISA.  IL-34 is upregulated by 2 Gy and 4 Gy, as compared to sham 
irradiated  cells (p<0.0001).  M-CSF is also markedly increased by both 2 Gy and 4 Gy 
of radiation (p<0.0001).   
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Gy irradiated cells.   Further, no difference is found in IL-34 MFI, following IR exposure 

(Figure 6.6D).  The concentrations of M-CSF and IL-34 in the U87 supernatant were also 

determined by ELISA.  IL-34 is found to increase (p<0.0001) in the supernatant of U87 

cells irradiated with 2 Gy, and to a higher degree, 4 Gy, as compared to sham-irradiated 

cells (Figure 6.7).  Similarly, the concentration of M-CSF is increased (p<0.0001) 

following 2 and 4 Gy, as compared to non-irradiated U87s (Figure 6.7).   

 We also tested the functional implications of IR.  We assessed IL-10 expression 

by CD14+ monocytes from human PBMC cultured with U87 supernatant from irradiated 

and unirradiated U87s by flow cytometric analysis.  The percent frequency of IL-10 

producing cells increases (p=0.03) in CD14+ monocytes by culturing them with 

supernatant from U87s irradiated with 4 Gy, as compared to PBMC cultured in media 

only (Figure 6.8A).  Similarly, these CD14+ cells also display an increase (p=0.03) in IL-

10 MFI (Figure 6.8B).  There are no significant changes seen between other treatment 

groups.    

 
6.3  Discussion    

 Immune polarization has been suggested to contribute to tumor progression in 

high-grade astrocytomas [284].  Further, cFMS receptor tyrosine kinase signaling by 

TAMs is believed to upregulate markers associated with MΦ-2s, including CD163 [327].  

Although M-CSF, one of two known cFMS ligands, is acutely increased in irradiated 

astrocytoma cell lines [289], the effect of IR on cFMS-mediated immune polarization has 

yet to be explored.  Thus, we proposed that IR, through a cFMS-dependent mechanism, 

supports immune polarization in high-grade astrocytomas.  
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 Here, we report the findings of our investigation of the relationship between IR 

and cFMS in astrocytomas.  Our immunohistochemical studies found CD163 and CD16 

expression in resected tumors, as anticipated.  We show, for the first time, that IR 

increases expression of the cFMS ligand, IL-34, by U87 cells, but does not alter 

expression of its other ligand, M-CSF, at 30hrs post-treatment.  Additionally, cFMS-

mediated immune polarization does not appear to be affected by IR; however, IL-10 

production does increase following exposure to supernatant from U87s treated with 4 Gy.  

Because this is the same treatment condition that upregulated IL-34 in monocytes, 

perhaps this could implicate IL-34 in promoting IL-10 production.  Further, in vivo 

studies using a syngeneic murine glioma model could help demonstrate the importance of 

IL-34 in the pathogenesis of astrocytomas, especially following RT.  While modulation 

of the immune system via cFMS inhibition may be a valuable adjunctive therapy in 

individuals with high-grade astrocytomas, further studies exploring the role of IR-

induced IL-34 expression are warranted. 
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CHAPTER 7 

SUMMARY OF FINDINGS AND FUTURE DIRECTIONS  
 

HAND continues to be a serious clinical concern that reportedly affects over half 

of HIV+ individuals [3].  We previously observed an expansion of the CD16+CD163+ 

monocyte subset in HIV+ individuals with viremia [63], as well as, the accumulation of 

CD16+CD163+ MΦs in the CNS of patients with HIVE [33].  The promoting factor(s) 

that drive the expansion of CD16+CD163+ monocytes/MΦs in HIV infection and CNS 

disease have yet to be identified.  Here, we report findings from our investigation 

exploring the potential role of cFMS and its ligands in supporting this myeloid subset.  

First, we addressed a limitation of our earlier cross-sectional study regarding the 

potential effect of cART in decreasing CD16+CD163+ monocyte frequency by adding the 

use of cART therapy to our inclusion criteria for patient recruitment.  Next, through 

immunohistochemical studies, we determined the absence and/or presence and location 

of M-CSF and IL-34 in brain of SIV-infected rhesus macaques.  We observed spatial 

differences in the expression of the two ligands.  M-CSF appeared to be associated with 

productively infected cells that invade from the peripheral blood and accumulate within 

the CNS and IL-34 expression was associated with resident microglia.   

 In vitro studies completed by our laboratory demonstrate that, like M-CSF, IL-34 

upregulates CD16 and CD163 expression in primary human monocytes and as such, IL-

34 may also be involved in supporting MΦ-2 polarization in HIV.  The use of GW2580, a 

TKI that is reportedly specific to cFMS, mitigates the upregulation of both CD16 and 

CD163 in these studies, implicating that these markers are at least, in part, regulated by 
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cFMS.  Importantly, in HIV-infected human fetal microglia, we find that GW2580 

decreases the level of productive infection in vitro, demonstrating the importance of 

cFMS, specifically as it relates to HIV infection in the CNS.  Further, when we looked at 

cFMS-mediated immune polarization in a different CNS disease, high-grade astrocytoma, 

our findings suggested that myeloid cells that express CD16 and CD163 could be 

associated with neuroinflammatory disease, as a whole.  

 To expand on our investigations, we will examine CNS tissue from human 

subjects with and without HIV infection for IL-34 and M-CSF expression to confirm our 

findings in the SIV animal model.  Next, using ELISAs, we will determine the 

concentrations of the two ligands in the plasma of our HIV+ subjects recruited for our 

cross-sectional study.  Additionally, we will evaluate the cytokine/chemokine 

concentrations in plasma of HIV+ individuals by performing multiplex assays to garner a 

global sense of immune status in HIV infection and, specifically, in individuals with 

elevated CD16+CD163+ monocyte frequencies.  To determine which tyrosine residues are 

critically involved in cFMS-mediated upregulation of CD16 and CD163, we will perform 

western blot with phospho-specific antibodies.  We will then compare cFMS signal 

transduction by M-CSF and IL-34 in monocytes to better understand the mechanism by 

which cFMS supports these myeloid cells.  

 Further studies will be aimed at investigating the CD16+CD163+ monocyte subset 

for productive infection and the presence of integrated and non-integrated virus.  Non-

productive HIV-1 infection is not detected through clinical measures.  Undetected virus 

infection of CD16+CD163+ monocytes may reveal an important mechanism for virus 
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dissemination and development of long-lived viral reservoirs in tissues where these cells 

accumulate, such as the CNS.  We will investigate, for productive and non-productive 

HIV-1 infection within four different monocyte subsets: CD16-CD163+, CD16+CD163+, 

CD16+CD163- and CD16-CD163-.  Through quantitative reverse transcriptase PCR, 

monocyte subsets will also be analyzed for the presence of integrated and non-integrated 

virus.     

 Our studies suggest that altered monocyte/MΦ homeostasis could be harmful to 

the CNS, as well as, the immune system at large.  cFMS signaling may play a 

predominant role through the promotion and support of viral reservoirs, which appears to 

be an M-CSF-related and, potentially IL-34-dependent, mechanism (Figure 7.1).  The 

expanded CD16+CD163+ monocyte subset serves as a target and reservoir for persistent 

HIV infection and suppresses immune function through MΦ-2-“like” polarization.  

Suppressing the expansion of this monocyte subset by pharmacological inhibition of 

cFMS may be a possible therapeutic strategy for treating or preventing HAND. 
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Figure 7.1.  Proposed Contributions of M-CSF and IL-34 to CD16+CD163+  

Monocytes/MΦs and Immune Polarization in HAND.  
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