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Early during the course of HIV-1 infection there is a profound loss of CD4+ T 

cells which is particularly devastating within the gut associated lymphoid tissue (GALT). 

CD4+CCR6+ T cells are highly susceptible to infection compared to CCR6¯ cells and this 

subset is preferentially depleted from both GALT and the peripheral blood. CCR6+ cells 

are crucial for maintaining gut immune function and homeostasis. In animal models, the 

absence of CCR6 or either of its ligands, macrophage inflammatory protein-3α (MIP-3α) 

or human beta defensin 2 (hBD2), results in impaired gut immune responses and defects 

in lymphoid architecture. Depletion of CCR6+ T cells from the GALT may further 

contribute to immune dysfunction in the gut during HIV-1 infection. Decreased immune 

function and compromised barrier protection leaves the gut more susceptible to microbial 

pathogens and microbial translocation across the gut lumen which can trigger immune 



  

activation, a strong predictor of disease progression. Therefore, therapeutic strategies that 

target CCR6+ T cell subsets are needed.  

We have identified a novel CCR6-dependent mechanism of HIV-1 inhibition 

mediated by hBD2. The anti-HIV-1 attributes of hBD2 combined with broad 

antimicrobial activity against gram-negative bacteria and fungi make this endogenous 

peptide an attractive candidate for potential application as a microbicide. Our previous 

work demonstrated that treatment of HIV-1 virions with hBD2 reduces infectivity. Here, 

we report an additional mechanism of inhibition that is CCR6-dependent and occurs after 

virus entry at an early stage of infection either prior to or during reverse transcription. 

This post-entry inhibition requires induction of the host restriction factor, apolipoprotein 

B mRNA editing enzyme-catalytic polypeptide-like 3G (APOBEC3G). In our proposed 

model, hBD2 inhibits HIV-1 by two distinct mechanisms: inactivation of virions and 

post-entry mediated by CCR6. Identification of this unique CCR6-mediated post-entry 

inhibition contributes to our understanding of pathways that underlie intrinsic immunity 

to HIV-1 and may ultimately guide development of effective therapeutics to selectively 

target and protect CCR6+ cells. 
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Chapter 1: Background and Specific Aims 

Introduction 

More than 33 million people are infected with the human immunodeficiency 

virus (HIV), the causative agent of acquired immune deficiency syndrome (AIDS)1-3. 

Novel therapies are warranted because no cure currently exists and drug resistance 

can develop. An equally pressing need exists for the development of effective 

strategies to target the prevention of the estimated 2.7 million new infections each 

year1. Our interest in human beta defensins (hBDs) stems from several key 

observations that indicate a potential role in mucosal immunity to HIV. Human beta 

defensins are expressed at sites both relevant to HIV transmission and replication and 

inhibit both X4 and R5 tropic HIV-1 in vitro4-8. Treatment of HIV-1 virions with beta 

defensin reduces infectivity of the virus; however our findings also suggest a second 

mechanism of inhibition that occurs after viral entry through a receptor mediated 

pathway8-10. A focus on hBD2 is warranted based on its potential for multiple anti-

HIV mechanisms, broad antimicrobial activity, lack of toxicity, expression profile, 

and specific chemokine receptor usage. In addition to antimicrobial activity, hBD2 is 

chemotactic for memory CD4+ T cells, immature dendritic cells and tumor necrosis 

factor alpha (TNFα) activated neutrophils via the chemokine receptor CCR611, 12. The 

chemokine receptor CCR6 is of crucial importance in mucosal immunity where it 

mediates mucosal homeostatic and inflammatory conditions13. Interestingly, CCR6 is 

highly expressed on CD4+ T cell subsets relevant to HIV infection including memory 

CD4+ T cells, CD4+CCR5+ T cells, CD4+α4β7+ T cells, and Th17 cells14-16. These 

CD4+CCR6+ T cells are highly susceptible to HIV infection and are preferentially 
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depleted during disease progression17-19. Inactivation of virions combined with 

selective targeting of cells that are highly susceptible to HIV make hBD2 attractive 

for the potential development of novel microbicides and/or therapeutics. 

Human immunodeficiency virus 

Retroviruses were first discovered in 1908 by Oluf Bang and Vilhelm 

Ellermann. The retrovirus family consists of seven genera: alpharetrovirus, 

betaretrovirus, gammaretrovirus, deltaretrovirus, epsilonretrovirus, lentivirus, and 

spumavirus. Retroviruses are enveloped viruses approximately 100 nm in diameter. 

Virions contain a diploid plus sense single stranded RNA genome each approximately 

7-10 kilobases (kb) in length. A schematic representation of the HIV virion is 

depicted in Figure 1.1. 

 

Source: National Institute of Allergy and Infectious Diseases 

Figure 1.1. HIV virion. 
 

HIV is a lentivirus of the retrovirus family. In 1983, HIV-1 was isolated and 

subsequently identified as the causative agent of AIDS and in 1986 HIV-2 was 

isolated from AIDS patients in West Africa2, 3, 20-24. Both HIV-1 and HIV-2 are 

transmitted by sexual contact, blood, and from mother-to-child and both cause AIDS. 
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HIV-1 is the predominant strain worldwide while HIV-2 is less easily transmitted and 

found primarily in West Africa, although most HIV-2 infected individuals do not 

progress to AIDS1, 25, 26. HIV-1 and HIV-2 originated independently; HIV-1 from the 

chimpanzee virus, SIVcpz, and HIV-2 from the sooty mangabeys virus, SIVsm27-30. 

HIV-1 is further classified into four groups: Group M (major), Group O 

(outlier), Group N (non-M, non-O), and Group P (pending the identification of further 

human cases)29, 31-34. HIV-1 Group M accounts for greater than 90% of HIV/AIDS 

cases and is subdivided into clades or subtypes that are given a letter designation 

(clades A1, A2, B, C, D, E, F1, F2, G, H, J, K and O). In addition, recombination 

between two subtypes are classified as circulating recombinant forms (CRF) and 

given a number and the letters of the recombinant subtypes. 

 
The genome consists of a two identical positive sense single stranded RNA 

molecules each approximately 9.7 kb. The RNA has a cap at the 5' end and 

polyadenyle at the 3' end and contains terminal noncoding regions that are important 

in replication. The 5' end includes four regions: R, U5, primer binding site, and L. R 

region is a short repeated sequence at each end of the genome that ensures correct 

end-to-end transfer during reverse transcription. U5 is a short unique sequence 

between R and the primer binding site. The primer binding site consists of 18 bases 

complementary to 3' end of tRNA primer. L region is an untranslated leader region 

and is the signal for packaging of genome RNA. The 3' end includes 3 regions: 

polypurine tract, U3, and R. The PPT functions as a primer for plus-strand DNA 

synthesis during reverse transcription. Located within the U3 region are the 

transcriptional promoter and regulatory elements which are involved in recruitment of 
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RNA Pol II to the start site of viral RNA synthesis. R is the terminal repeated 

sequence at 3' end. The coding region contains nine genes including the viral 

structural proteins (Gag and Env), the polymerase (Pol), regulatory proteins (Tat and 

Rev), and accessory proteins (Vif, Vpu, Vpr, and Nef). A schematic representation of 

the HIV genome is depicted in Figure 1.2. 

 

 

Source: Los Alamos National Laboratory, HIV Sequence Database. http://www.hiv.lanl.gov/. 

Figure 1.2. HIV genome. 
 

The group specific antigen (Gag) gene (~2000bp) codes for the Gag 

polyprotein (p55) which provides structural proteins. The Gag polypeptide is 

processed to the matrix protein (MA/p17), capsid protein (CA/p24), nucleocapsid 

protein (NC/p7), and p6 by the viral protease (PR). The envelope (Env) gene 

(~1800bp) codes for glycoprotein (gp) 160 which is cleaved by the host cell enzyme 

furin into gp120 and gp41. gp120 is non-covalently anchored to the viral membrane 

by transmembrane gp41. It is involved in attachment and entry into cells through 

interactions with host receptors on target cells. The Pol gene (~2900bp) codes for 

three enzymes, reverse transcriptase (RT), integrase (IN), and protease (PR). Pol 

proteins are responsible for synthesis of viral DNA and integration into host DNA 
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after entry. The HIV protease protein, an aspartyl protease, cleaves polyproteins 

during virion maturation to make mature gag and pol proteins. 

HIV encodes two regulatory proteins: trans-activator of transcription (Tat) 

protein, and regulator of virion expression of viral proteins (Rev). Tat increases 

transcription of HIV genes via binding the target sequence for viral transactivation, 

TAR, and host cellular factors, CycT and cdk9 which hyperphosphorylates the 

carboxy-terminus domain (CTD) of RNA polymerase (RNAP) II. Rev is a 19 kDa 

nuclear phosphoprotein that inhibits viral RNA splicing and promotes the export of 

HIV mRNA. 

HIV also encodes four accessory proteins: virus infectivity factor (Vif), virus 

protein R (Vpr), virus protein U (Vpu), and virus negative regulator factor (Nef). Vif 

is a 23 kDa protein that interferes with the host restriction factor, APOBEC3G. Vpr is 

a 14 kDa protein involved in nuclear import, replication in non-dividing cells, and G2 

cell cycle arrest in proliferating cells. Vpu is an integral membrane protein that 

enhances virion release by interfering with tetherin, BST2, and down-regulates CD4. 

Nef is a 27 kDa membrane associated phosphoprotein that down-regulates surface 

expression of CD4 and MHC I and blocks apoptosis in infected cells. 

HIV primarily infects memory CD4+ T cells, macrophages and dendritic cells 

(DCs)35-49. A schematic representation of the HIV-1 replication cycle is depicted in 

Figure 1.3 and Figure 1.4. HIV attaches and enters cells via a membrane fusion 

mechanism involving a complex interaction between gp120, target cell CD4 

molecules and target cell chemokine receptors referred to as co-receptors50-57. 

Chemokine receptors are a family of heterotrimeric, seven transmembrane, G protein 
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coupled receptors (GPCRs) that contain four extracellular domains, the amino-

terminal domain (NTD) and three extracellular loops. The two major co-receptors 

used by HIV-1 to enter target cells are CCR5 (R5 tropic) and CXCR4 (X4 tropic)51-57. 

Interaction between gp120 and CD4 induce conformational changes enabling gp120 

to interact with HIV-1 co-receptors. This leads to the exposure of the fusion peptides 

of the membrane embedded gp41 which triggers fusion of the viral and cellular 

membranes occurring at the cell surface or within endosomes58, 59. Characteristic of 

retroviruses, after entry the RNA genome is reverse transcribed to DNA by the viral 

reverse transcriptase enzyme within the cytoplasm of the host cell. Host cell tRNALys3 

serves as the primer for the reverse transcriptase and binds to the primer binding site. 

The viral DNA is transported into the nucleus and is integrated into the host genome 

by the viral integrase enzyme. The integrated viral DNA, known as provirus, serves 

as a template for the production of viral mRNAs and new viral RNA genomes. Viral 

proteins and the RNA genome assemble at the plasma membrane and bud from the 

cell. A schematic representation of virus assembly and budding is depicted in Figure 

1.4. 
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Reprinted by permission from Macmillan Publishers Ltd (License # 2642281043439): Greene et al., 
Nature Medicine, Vol. 8, No. 7, July 2002. 
 
Figure 1.3. Schematic of early events occurring after HIV entry. 
Description of early events occurring after HIV infection of a susceptible target cell including 
interactions between gp120, CD4 and chemokine receptors (CCR5 or CXCR4) leading to gp41-
mediated fusion followed by virion uncoating, reverse transcription of the RNA genome, nuclear 
import of the viral preintegration complex, and integration of the double-stranded viral cDNA into the 
host chromosome thus establishing the HIV provirus. 
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A 

 
B 

 

Reprinted by permission from Macmillan Publishers Ltd (License # 2642281043439): Greene et al., 
Nature Medicine, Vol. 8, No. 7, July 2002. 
 
Figure 1.4. Schematic of late events in the HIV-1 infected cell. 
(A) Summary of late events in the HIV-infected cell culminating in the assembly of new infectious 
virions. Highlighted are the roles of various viral proteins in optimizing the intracellular environment 
for viral replication including down-regulation of CD4 and MHC I and inhibition of apoptosis by Nef, 
and the induction of G2 cell-cycle arrest by Vpr. A key action of the HIV Rev protein in promoting 
nuclear export of incompletely spliced viral transcripts that encode the structural and enzymatic 
proteins as well as the viral genome of new virions is also illustrated. (B) Late steps in the assembly of 
new virions. Components of vesicular protein sorting machinery, TSG101 and Vps4, have critical roles 
in the terminal phases of virion budding. Although virion assembly occurs principally at the plasma 
membrane, the involvement of these vesicular sorting proteins raises the possibility that virion 
assembly may be initiated on secretory vesicles that are destined for the plasma membrane. The final 
phase of virion release likely involves viral ‘hijacking’ and retargeting the process of budding away 
from the cytoplasm, which normally occurs in the multivesicular body. 
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Mucosal immunology and HIV transmission 

Mucosal surfaces of the body represent expansive areas that sit at the interface 

between the host and environment and are vulnerable to invasion by pathogenic 

microorganisms, including HIV. Because of their physiological functions, such as gas 

exchange, food absorption, reproduction, and sensory activities, mucosal surfaces are 

typically thin and permeable. Mucosal surfaces can be classified into two categories: 

Type I and Type II mucosal surfaces. Type I mucosal surfaces are covered by simple 

columnar epithelium while Type II mucosal surfaces are covered by stratified 

squamous epithelial layers60. These anatomical barriers combined with mechanical 

barriers such as desquamation of skin epithelium, peristalsis in the gastrointestinal 

tract, cilia in the respiratory tract, presence of mucus, and the secretion of protective 

products such as lysozyme, lactoferrin, mucins, pepsin, calprotectin, secretory 

leukocyte protease inhibitor, and defensins provide a first line of defense6, 61-63. 

In addition to physical, mechanical, and chemical barriers, mucosal surfaces 

are also safeguarded by the mucosal immune system. Type I mucosal surfaces contain 

polymeric immunoglobulin receptors and the submucosa is composed of mucosal 

associated lymphoid tissue (MALT) where DCs, macrophages, and memory/activated 

lymphocytes are constitutively present60. The MALT resembles lymph nodes with the 

exception that MALT lacks afferent lymphatics; therefore exogenous antigens are 

transported directly through follicle-associated epithelium (FAE) containing 

microfold (M) cells. The largest and best characterized MALT is the gut associated 

lymphoid tissue (GALT). The GALT comprises Peyer’s patches (PPs), the appendix, 

isolated lymphoid follicles (ILFs), and intestinal lamina propria. PPs are lymphoid 
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follicles similar to lymph nodes with B cell follicles and intervening T cell areas. PPs 

are covered by FAE that contain M cells64. Humans have an estimated 250 PPs, 

which decrease in number with age, and are primarily found in the distal ileum of the 

small intestine. ILFs are similar to PPs in cellular composition, architecture, and 

ability to function as inductive sites. There are approximately 30,000 ILFs found in 

both the small and large intestine65-67. A key difference between PPs and ILFs lies in 

their biogenesis. PPs begin development during embryogenesis while ILFs develop 

after birth and are influenced by the intestinal flora66, 68, 69. M cells of PPs and ILFs 

transport antigen from the gut lumen to intraepithelial lymphocytes and subepithelial 

lymphoid tissue containing memory cells and antigen presenting cells (APCs) 

including a network of follicular dendritic cells. Naïve T and B cells circulating in the 

blood enter PPs and ILFs through high endothelial venules (HEVs). After priming in 

inductive sites, T cells drain to the mesenteric lymph nodes where they undergo 

clonal expansion and differentiation thus amplifying the immune response. The 

effector T cells enter peripheral blood circulation through the thoracic duct and home 

to mucosal effector sites taking residence as intraepithelial lymphocytes or lamina 

propria lymphocytes. A schematic representation of gut inductive sites is depicted in 

Figure 1.5. In contrast to Type I mucosal surfaces, the stratified squamous epithelial 

cells of Type II mucosal surfaces do not contain IgA transport mechanisms or MALT 

and the submucosa contains a sparse network of DCs, macrophages, and 

lymphocytes. 
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Reprinted by permission from Macmillan Publishers Ltd (License #2642290125766): Haase et al., 
Nature Reviews Immunology, 5, 783-92 (2005). 
 
Figure 1.5. Mucosal inductive sites. 
Naive T cells enter inductive sites through high endothelial venules (HEVs) and, after exposure to 
antigen and activation, exit through lymphatic vessels to the draining mesenteric lymph nodes, where 
clonal expansion and differentiation take place. The expanded population of effector memory T cells 
recirculates through the thoracic duct and the peripheral blood and enters effector sites in the lamina 
propria through interactions between α4β7-integrins at the surface of T cells and mucosal vascular 
addressin cell-adhesion molecule 1 (MADCAM1) at the surface of endothelial cells. 

 

The primary mode of HIV infection is by sexual transmission which requires 

the virus to cross the genital mucosal barrier1. Cell-free virus and cell-associated virus 

are present in semen. Numerous T cells and macrophages are present in pre-

ejaculatory fluid and in HIV-1 infected individuals the pre-ejaculatory fluid contains 

infected white blood cells70-72. Both cell-free HIV and cell-associated HIV can lead to 

transmission, however the mechanism by which HIV crosses the mucosal barrier is 

still unclear73-75. Several mechanisms by which HIV crosses the mucosal barrier have 

been proposed: direct infection of epithelial cells, transcytosis through epithelial cells, 

endocytosis of HIV by genital mucosal Langerhans cells, and transmigration of HIV-
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infected donor cells through epithelium. In addition, HIV can also cross the mucosal 

barrier through breaches in the mucosal epithelium due to mechanical abrasions 

caused by intercourse, chemical abrasions caused by microbicides, and abrasions 

caused by sexually transmitted diseases. Sexually transmitted diseases enhance 

transmission in women due to increased numbers of genital CD4+ T cells coupled 

with an increase in CCR5 expression76, 77. Men with sexually transmitted diseases 

have increased levels of HIV present in the semen which has been associated with 

increased transmission78. 

Anatomical differences between female and male genital mucosae contribute 

to the greater susceptibility for women in heterosexual transmission (see Table 1 for 

estimated transmission probability per exposure by anatomical site)79. A schematic 

representation of the female and male genital mucosae is depicted in Figure 1.6. The 

female genital tract consists of both Type I and Type II mucosal surfaces. The vagina 

and ectocervix, sites most exposed to viral inoculum, have a protective stratified 

squamous epithelial layer whereas the endocervix and uterus are covered by a single-

layer columnar epithelium (Figure 1.6.A). The transformational zone, the region 

located between the ectocervix and endocervix, can be enriched with CD4+ T cells. In 

the non-human primate SIV atraumatic vaginal inoculation model, the 

transformational zone and endocervix are preferential sites of entry80. The 

endocervical canal is filled with mucus, which forms a mucus plug that provides a 

physical barrier and also contains antimicrobial products61. However, the barrier 

function may be decreased during ovulation when crypts in the cervix secrete less 

acidic mucus that descends and covers the endocervical canal leading to hydration 
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and alkalinization of the mucus plug. The vaginal commensal flora is primarily 

composed of Lactobacillus species compared to the intestinal microbiota with more 

than 1,000 distinct bacterial species81, 82. Lactobacilli contribute to mucosal protection 

through the production of hydrogen peroxide and lactic acid which maintains an 

acidic pH (pH 3.8-4.0) which is protective against bacteria and viruses83-85. The 

presence of lactobacilli and an acidic pH has been correlated with reduced HIV 

replication and decreased acquisition86-88.  

The penis and foreskin are covered by Type II mucosal epithelium, stratified 

squamous epithelium. The outer foreskin of an uncircumcised penis is more heavily 

keratinized than the inner foreskin while in circumcised men the penis is covered by 

keratinized skin (Figure 1.6.B and C). The foreskin is rich in HIV-1 target cells: LCs 

and CD4+ T cells in the squamous lining, and T cells, macrophages, and DCs in the 

stroma89-92. The foreskin may also trap infectious particles increasing the duration of 

exposure. These factors combined with the protective effect of circumcision suggest 

that the inner foreskin may be particularly vulnerable to HIV infection93-95. Although 

circumcision provides a protective effect, alternative entry sites exist. The urethra is 

lined by non-keratinized columnar epithelial cells and contains many macrophages, 

CD8+ T cells and CD4+ T cells in both the lamina propria and epithelium with the 

majority of T cells being CD45RO+, while there is an absence of DCs96. The memory 

CD4+ T cells and macrophages in the male urethra are suitable targets for entry as 

HIV-1 is detectable in pre-ejaculatory fluid and in the ejaculate of HIV+ men who 

have had vasectomies72, 97. 
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In contrast to transmission through the genital tract, transmission rates through 

the rectum are higher79, 98. Rectal mucosa is comprised of single columnar epithelium 

which is more susceptible to breaches and likely contributes to more efficient 

transmission. Further, the lamina propria contains large aggregates of submucosal 

lymphoid follicles and is rich in cells susceptible to HIV. Type II stratified squamous 

epithelium lines the lower half of the anorectal canal which provides a stronger 

physical barrier than the upper anorectal canal (Figure 1.6.D)79, 98. 

Beta defensins are of particular interest to mucosal immunity as they are 

expressed by epithelial cells in mucosae, where they form an antimicrobial barrier, 

and contribute, via their interaction with CCR6, to the homeostasis of lymphoid 

compartments8, 11, 99. Defensins exert their antimicrobial activity on a broad range of 

gram-positive and gram-negative bacteria, fungi, and enveloped and non-enveloped 

viruses100-102. Therefore based on expression at both sites of exposure and sites of 

replication, beta defensins likely contribute to mucosal defenses against HIV-1. 
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Reprinted by permission from Macmillan Publishers Ltd (License #2642290473000): Iwasaki, Nature 
Reviews Immunology, 10, 699-711, October 2010. 
 
Figure 1.6. Anatomy of the genital mucosae and anorectal canal. 
(a) The female genital tract consists of the upper reproductive tract (the uterus and cervix) and the 
lower reproductive tract (the vagina). The vagina and ectocervix are composed of Type II epithelia, 
and the endocervix and uterus are composed of Type I epithelia. The transformation zone indicates the 
region where the columnar epithelial cells of the endocervix meet the stratified squamous epithelial 
cells of the ectocervix. The vagina is drained by the common iliac, interiliac, external iliac and inguinal 
femoral lymph nodes (not shown). (b) Male genital tract, uncircumcised penis. (c) Male genital tract, 
circumcised penis. The glans penis is covered by keratinized skin epithelium. The penis is drained by 
inguinal lymph nodes (not shown). (d) The upper half of the anorectal canal is composed of simple 
columnar Type I epithelia and is drained by mucosa‑associated lymphoid tissues. The lower half of the 
anorectal canal is covered by Type II epithelia and is drained by inguinal lymph nodes (not shown). 
Numerous lymphoid follicles are present above the anorectal junction. 
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Defensins 

Antimicrobial peptides represent one component of the innate immune system 

that provide a first line of defense against a broad range of microorganisms. 

Defensins are a family of small non-glycosylated cationic peptides, ranging from 3 to 

6 kDa. Expressed by mammals, insects, and plants, defensins are arginine rich and 

contain six conserved cysteine residues that form three intramolecular disulfide 

bonds. Mammalian defensins are classified into three subfamilies, alpha, beta, and 

theta based on sequence similarities, the linear spacing of the cysteine residues, and 

the topology of the disulfide linkages. A schematic diagram of the linear disulfide 

linkage and tertiary structures are depicted in Figure 1.7. The disulfide linkages in 

alpha defensins are Cys1-Cys6, Cys2-Cys4, Cys3-Cys5 compared to Cys1-Cys5, 

Cys2-Cys4, Cys3-Cys6 found in beta defensins103-106. Despite differences in primary 

structure, alpha and beta defensins are amphipathic molecules that share common 

secondary and tertiary structure consisting of a core of three antiparallel β-sheets 

constrained by three intramolecular disulfide bridges. The major structural difference 

between alpha and beta defensins is the presence in beta defensins of an amino-

terminal α-helix oriented parallel to the β-sheet. Theta defensins have a circular 

structure and are the ligation product of two nine residue peptides with disulfide 

linkages between Cys1-Cys6, Cys2-Cys5, Cys3-Cys4107.  
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Reprinted by permission from Macmillan Publishers Ltd (License #2642310006792):  Selsted et al., Nature 
Immunology, 6, 551-557, 2005. 
 
Figure 1.7. Defensin genes and peptides. 
Left, alignment of isα-defensin, β-defensin and θ-defensin genes. Crosshatching signal peptides (Signal) and 
pro-pieces (Pro-segment; Pro); blue, residues present in the mature defensin. Right, three different disulfide 
‘schemes’. Numbers of above diagrams indicate the disulfide connections in each. The three-dimensional 
structures of rabbit α-defensin RK-1 (top), human β-defensin 1 (middle) and θ-defensins RTD-1 (bottom). 

 

 



 

 18 
 

Defensins are primarily expressed by immune cells that are rapidly recruited 

to sites of infection and by epithelial cells lining the interface between the host and 

microbial pathogens. To date, six human alpha defensins have been identified108-111. 

Human alpha defensins 1-4, also known as human neutrophil peptide (HNP) 1-4, are 

neutrophil granule components that are synthesized before neutrophil maturation and 

comprise approximately 35-50% of the total protein in high density azurophil 

granules of neutrophils (~50 mg/ml)112-114. In addition, HNPs can also be found in 

NK cells, B cells, γδ T cells, and monocytes/macrophages115. Enteric alpha defensins, 

HD5 and HD6, are predominately produced and stored in the secretory granules of 

intestinal Paneth cells, a type of epithelial cell located at the base of small intestinal 

crypts110, 111. Neutrophil alpha defensins are synthesized in promyelocytes, neutrophil 

precursors, as pre-pro-peptides (Figure 1.7.A) within the bone marrow113, 116. Mature 

neutrophils circulating in the blood or located in inflamed tissue do not express 

defensin mRNA and protein synthesis does not occur113, 116, 117. The amino-terminus 

signal peptide targets the pre-pro-peptide to the endoplasmic reticulum. Cleavage of 

the signal peptide produces a pro-peptide alpha defensin that has low antimicrobial 

activity in vitro likely due to charge balance of the anionic pro-piece thereby 

preventing autotoxicity118, 119. The pro-piece may also play a role in the proper 

folding of the alpha defensin118, 120. The enteric alpha defensins, HD5 and HD6, are 

stored as pro-peptides that undergo processing during or after release from Paneth 

cells121, 122. 

Three theta defensins have been identified in leukocytes from rhesus 

macaques. In humans, theta defensin RNA transcripts have been identified in bone 
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marrow, however theta defensins are not expressed due to a premature stop codon in 

the signal sequence107, 123. 

The first beta defensin, tracheal antimicrobial peptide (TAP), was isolated 

from tracheal epithelium of cattle124. In humans, twenty-eight beta defensins have 

been identified by biochemical and gene based searches of which seven have been 

characterized at the protein level (hBD1-6, hBD23)105, 106, 125-131. Human beta 

defensins 1-6 are mainly expressed by epithelial cells of numerous organs. hBD2 is 

expressed in skin, gastrointestinal tract, respiratory tract, urogenital tract, kidney, 

pancreas, uterus, eye, HPV-associated anal skin lesions, and the nasal and oral 

mucosae8, 132-138. In addition, hBD1 and hBD2 are expressed by both monocytes and 

macrophages and are transiently expressed in peripheral blood following induction by 

lipopolysaccharide139, 140. hBD1 is constitutively expressed while hBD2-4 can be 

induced by viruses, bacteria, microbial products, and cytokines (IL-1β, TNFα, IFNγ, 

IL-12, IL-17, IL-22, IL-23, IL-27)5, 10, 101, 141-147. Furthermore, expression of both 

hBD2 and hBD3 are induced in human oral epithelial cells upon exposure to X4 and 

R5 HIV-1 strains10. 

 Human beta defensins are produced as pre-cursor peptides consisting of a 

signal sequence, a short anionic pro-piece, and the mature defensin peptide (Figure 

1.7.B). With the exception of hBD5 (three exons and two introns), the genomic 

structure consists of two exons and one intron101. The first exon encodes the signal 

peptide and the second exon encodes the pro-piece and the mature peptide. One 

exception is the first exon in the gene encoding hBD1 encodes both the signal peptide 

and pro-piece101. As previously mentioned, the primary structure of mature beta 
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defensins contain six conserved cysteine residues. In addition to the conserved 

cysteine residues, defensins also contain a high content of cationic residues, lysine 

and arginine, which are primarily located near the carboxy-terminus (C-terminus) 

(Figure 1.8.A, cationic residues are highlighted in blue). The C-terminus is also rich 

in hydrophobic residues which confers defensins with amphipathic properties (Figure 

1.8.A). 
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With kind permission from Springer Science and Business MediaSource (License #2642320182013): Pazgier 
et al., Cell. Mol. Life Sci., 63, 1294-1313, 2006. 
 
Figure 1.8. Human beta defensins – Structural comparison. 
 (a) Amino acid sequence alignment. Numbers in the brackets represent formal charges. Above each 
sequence is shown the extent of the secondary structure elements. Six conserved cysteine residues 
are colored in yellow, the anionic residues are shown in red, while the basic residues are shown in 
blue. (b) The ribbon representations of monomeric β-defensins (left side of the panel) are 
accompanied by the electrostatic potential maps projected on the solvent-accessible surfaces shown 
in the equivalent orientations (center of the panel) and after 180° rotation (right side of the panel). 
The positively and negatively charged areas of the solvent-accessible surfaces are colored in blue and 
red, respectively. 
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Defensins exhibit broad antimicrobial activity against gram positive and gram 

negative bacteria, mycobacteria, fungi, enveloped viruses, and non-enveloped 

viruses100-102. Table 2 summarizes the activities of human beta defensins on viral 

replication. The antimicrobial activity is multifaceted; defensins function as opsonins, 

neutralize toxins, recruit immune cells, and have direct microbicidal activity. The 

direct microbicidal activity of defensins is not completely understood. The prevailing 

mechanism involves disruption of the microbial membrane caused by electrostatic 

interactions between the cationic patches on the surface of the defensin peptide 

(Figure 1.8.B, blue surface area in middle and right panels) and negatively charged 

components of the microbial membrane causing depolarization and/or 

permeabilization which disrupts membrane integrity and function. Both alpha and 

beta defensins permeabilize bacteria membranes which is required for bacterial 

killing127, 148. After membrane permeabilization by defensins, bacteria cease to 

synthesize DNA, RNA, and protein149, 150. However, the steps leading to membrane 

disruption are not clear. An accumulation of defensins may form on the membrane 

like a “carpet” or the defensins may aggregate within the microbial membrane 

forming pores/channels151-153. 

Membrane disruption does not fully account for the bactericidal activity of 

defensins. HNP-1 binds to the bacterial cell wall precursor lipid II which may affect 

cell wall synthesis and/or function154. There is also evidence that hBD3 inhibits 

Staphylococcus aureus without causing membrane disruption but instead inhibits cell 

wall biosynthesis by binding lipid II. Binding of lipid II may perturb biosynthesis 

machinery resulting in lesions in the cell wall allowing for osmotic rupture155. The 
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anti-Candida albicans activity of both hBD2 and hBD3 is energy dependent and salt 

sensitive without causing membrane disruption156. Recent evidence suggests HNP-1 

inhibits the proliferation of the intracellular bacteria Listeria monocytogenes within 

macrophages by preventing vacuolar escape157. Macrophages internalize HNP-1 

either by direct phagocytosis of extracellular HNP-1 or by phagocytosis of apoptotic 

neutrophils157, 158. The intracellular inhibition of Listeria monocytogenes is likely 

attributable to internalized HNP-1 since macrophages do not produce HNP-1 and 

incubation of the bacteria with HNP-1 did not alter phagocytosis or prevent 

multiplication in bacteria157. Further evidence suggests defensins are internalized. 

HNP-3 is internalized by smooth muscle cells mediated by the low-density 

lipoprotein receptor-related protein/α2-macroglobulin receptor (LRP) and binds to 

protein kinase C (PKC) α and β inhibiting their activity159. HNP-1 inhibits influenza 

A virus replication when added after infection of Madin-Darby (MD) Canine Kidney 

(MDCK) and Bovine Kidney (MDBK) cells. Influenza rapidly activates PKC which 

is essential for viral replication and treatment of influenza infected cells with HNP-1 

decreased PKC phosphorylation, suggesting the involvement of the PKC pathway160. 

Interestingly, HNP-1 inhibits HIV-1 in CD4+ T cells by two mechanisms; HNP-1 acts 

directly on the virus in the absence of serum and inhibits intracellular PKC activity in 

the presence of serum161. These findings suggest that defensins may be internalized 

by cells relevant to HIV-1, macrophages and CD4+ T cells. Although, receptor 

mediated signaling cannot be ruled out. 

The bactericidal activity of hBD1, hBD2, and hBD4 is reduced at 

physiological salt concentrations likely due to weakened electrostatic interactions128, 
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137, 162. However, the salt sensitivity can be overcome with increased concentrations of 

beta defensin163. In contrast, the bactericidal activity of hBD3 is relatively insensitive 

to salt concentration127. Therefore, the direct microbicidal effect of hBD1, hBD2, and 

hBD4 may be most active at the skin surface or under conditions within specific 

microenvironments where either the salt concentration is reduced or where the 

defensin concentration is elevated as is the case in oral epithelium (43 μg/ml) or 

during inflammation. For example, in IL-1α stimulated epidermal tissue, hBD2 

concentrations reach 70 μg/ml and have been measured at 675 μg/ml in psoriatic skin 

lesions164, 165. However, the concept of salt sensitivity needs to be further explored in 

vivo, Huang et al. have evidence in a mouse model that hBD2 effectively kills E. coli 

in a physiological environment166. The microbicidal activity of HNP1-3 are also 

enhanced in the presence of tissue suggesting that in vivo other factors may be 

involved in the antimicrobial activity of  defensins or multiple defensins may act in a 

synergistic manner156, 167.  

In addition to antimicrobial activity, beta defensins have immunomodulatory 

properties such as recruitment of cells to sites of inflammation, cytokine induction, 

mast cell activation and degranulation, and wound healing properties. Beta defensins 

may enhance immune function by recruiting innate and adaptive effector cells to sites 

of inflammation. hBD1-3 induce chemotaxis through CCR611, 168. Specifically, hBD2 

induces chemotaxis of memory T cells, immature dendritic cells, neutrophils, mast 

cells, macrophages, and monocytes11, 12, 168-170. The chemotaxis of memory T cells, 

immature dendritic cells, and TNFα treated neutrophils is mediated by the chemokine 

receptor CCR611, 12, 171. In contrast, hBD2 and hBD3 bind to an induce chemotaxis in 
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monocytes via the chemokine receptor CCR2170. CCR2 is expressed on monocytes, 

dendritic cells, and macrophage subsets. Monocyte chemoattractant protein-1 (MCP-

1/CCL2) and monocyte chemoattractant protein-3 (MCP-3/CCL7) are ligands of 

CCR2172-175. Altering the specific disulfide bond linkages in hBD3 affects chemotaxis 

and substitution of all cysteine residues abolishes chemotactic activity suggesting the 

intramolecular disulfide bonds are required for receptor binding and chemotaxis168. 

Cationic charges near the C-terminal contribute to the antimicrobial activity while the 

N-terminal α-helix and several adjacent residues are responsible for chemotaxis 

toward CCR6176, 177. 

Defensins also modulate immune responses through the induction of 

cytokines and chemokines. Boniotto et al. reported that PBMCs treated with hBD1-3 

induce the production of cytokine mRNA and protein. This study revealed that hBD1 

upregulated the production of IL-8 and MCP-1 with some production of IL-6 and IL-

10. hBD2 was the most active peptide significantly upregulating IL-6, IL-8, IL-10 

and MCP-1 while moderately inducing the expression of IL-1β, ENA-78, GRO, EGF, 

and regulated upon activation, normal T cell expressed and secreted (RANTES)178. 

Notably, our own studies did not confirm an upregulation of RANTES with hBD2 

treatment of PBMC8. In contrast, hBD3 was largely inactive only significantly 

upregulating IL-8. The induction of IL-1β by hBD2 suggests an amplification loop as 

IL-1β induces expression of hBD2178. In normal human epidermal keratinocytes, 

hBD2-4 induce the expression of IL-6, IL-10, IFN-γ inducible protein 10 (IP-10), 

MCP-1, MIP-3α, and RANTES mRNA and protein179. 
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Wounding induces the production of growth factors like insulin growth factor 

I and TGF-α that stimulate tissue regeneration and enhances expression of LL-37, 

hBD3, neutrophil gelatinase-associated lipocalin, and secretory leukocyte protease 

inhibitor in human keratinocytes180. Apart from the antimicrobial potential, the 

enhanced expression of antimicrobial products in cutaneous injury may contribute to 

wound healing, a process involving migration, proliferation, and differentiation of 

cells181-183. Both alpha defensins and LL-37 have been reported to induce proliferation 

and wound closure in airway epithelium184-186. The enhanced proliferation and 

migration of intestinal epithelial cells by the CCR6 ligand, MIP-3α, suggested that 

hBDs may exert similar effects on intestinal epithelial cells187. In human intestinal 

epithelial cells, hBD2 did not cause proliferation but did inhibit TNF-related 

apoptosis-inducing ligand (TRAIL) induced apoptosis. hBD2 also induced migration 

of cells and the production of mucin2 and mucin3188. Further, in normal human 

epidermal keratinocytes hBD2-4 induce migration and proliferation through the 

activation of the epidermal growth factor receptor (EGFR), signal transducer and 

activator of transcription (STAT) 1, and/or STAT3179. These findings suggest that in 

addition to limiting microbial threats via direct antimicrobial activity, antimicrobial 

products including beta defensins contribute to mucosal homeostasis through the 

maintenance of the mucosal barrier. 

 

Defensins and HIV 

Synthetic guinea-pig, rabbit, and rat alpha defensins were first reported to 

inhibit HIV-1 induced cytopathogenicity in vitro in 1993189. All three classes of 
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human defensins, alpha, beta, and the putative theta, inhibit HIV-1 replication in 

vitro10, 190, 191. The antimicrobial activity of defensins has generally been thought of as 

mediated by a direct interaction and disruption of the microbial membrane127, 148. The 

anti-HIV properties of defensins involve multiple mechanisms which include virion 

inactivation, receptor down-regulation, and intracellular mechanisms.  

Human alpha, beta, and the putative theta defensins have been reported to 

inactivate HIV-1 virions. A mixture of purified HNP1-3 was shown to inhibit HIV-1 

by direct inactivation of virus particles192. In the absence of serum, Chang et al. found 

that HNP-1 inactivates HIV-1 without modulating CD4 or co-receptor surface 

expression on target cells161. The anti-HIV properties of HNP1-3 were first described 

as the CD8 antiviral factor (CAF) not attributable to beta chemokines190. However, 

CAF activity was shown to be distinct from alpha defensin anti-HIV activity192-194. It 

was found that in the absence of irradiated allogeneic PBMC, stimulated CD8+ T cell 

supernatants do not contain alpha-defensins suggesting that the source of the alpha 

defensin was from residual granulocytes within PBMC fractions used as feeder cells 

and the detected alpha defensin in CD8+ T cells was due to uptake from co-cultured 

cells194. 

We and others have reported that beta defensins inactivate HIV-1 virions8, 10. 

Our results indicate that hBD1 and hBD2 inactivate both X4 and R5 tropic HIV-18. 

Human beta defensins 2 and 3 have been reported to directly interact with HIV-1 

resulting in preferential inactivation of X4 versus R5 tropic virus10. Based on human 

mRNA transcripts found in bone marrow, Cole et al. synthesized a putative human 

theta defensin, retrocyclin, which would be translated if the stop codon in the signal 
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sequence were absent191. Retrocyclins and rhesus theta defensins (RTD) 1, 2, and 3 

inhibit HIV entry by binding gp120 of both X4 and R5 tropic HIV-1191, 195-197. Theta 

defensins also inhibit HIV fusion through an interaction with the C-term of gp41 

thereby blocking the formation of the six helix bundle198. 

Human alpha and beta defensins have been reported to down-regulate the 

surface expression of receptors utilized by HIV-1 for entry. HNP-2 down-regulates 

CD4 surface expression in the absence of serum199. HNP-1, RTD1, and hBD2-3 have 

been reported to down-regulate cell surface expression of the HIV co-receptor, 

CXCR4, but not CCR5 in the absence of serum10, 200. The down-regulation of CXCR4 

by hBD3 was attributed to a direct interaction with the receptor based on receptor 

internalization and inhibition of both calcium mobilization and chemotaxis by SDF-

1α201. However, Seidel et al., found in the absence of serum the decrease in CXCR4 

surface expression on PBMC after treatment with 30μg/ml of hBD2 did not reach 

statistical significance compared to a 50% decrease observed by Quinones et al. using 

the same conditions10, 200. In recent findings by Rohrl et al., they report that hBD2 and 

hBD3 do not bind CXCR4, do not induce chemotaxis in CXCR4 positive cells, and 

do not desensitize chemotaxis to SDF-1α170. In the presence of serum, our results 

indicate that hBD2 does not modulate CXCR4 surface expression on PBMC or CD4+ 

T cells8, 9. Although there is debate if hBDs down-regulate CXCR4, this mechanism 

may contribute to the anti-HIV-1 properties of beta defensins but cannot fully explain 

the anti-HIV-1 properties. Inactivation of X4 tropic virus and down-regulation of the 

surface expression of CXCR4 on target cells suggests that inhibition would be 

restricted to X4 tropic virus. Our lab has shown that in the presence of serum, hBD2 
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does not modulate CXCR4 surface expression on cells, inhibits both X4 and R5 tropic 

HIV-1, and the inhibition occurs independent of X4 or R5 envelope8, 9.  

Defensins also inhibit HIV-1 replication by intracellular mechanisms. In the 

presence of serum, HNP-1 does not inhibit viral entry but rather inhibits HIV-1 

following entry193. Alpha defensins had previously been shown to inhibit protein 

kinase C (PKC) activity, a signaling molecule that is activated by HIV-1 binding CD4 

and modulates fusion, transcription, integration, and assembly202-206. The inhibition 

following entry by HNP-1 in the presence of serum has been characterized in primary 

CD4+ T cells as occurring after reverse transcription and prior to integration involving 

inhibition of PKC activation161. In the presence of serum, HNP4 binds CD4 and 

gp120 with low affinity while displaying more potent inhibition of HIV-1 than HNP-

1-3 suggesting an intracellular mechanism of inhibition197, 207. 

In time-of-addition studies, we found that hBD2 when added 2 hours after 

virus retained greater than 80% of its anti-HIV-1 activity8. These findings suggest a 

post-entry intracellular mechanism of inhibition and are consistent with the recent 

report by Seidel et al. which showed 40-60% inhibition of X4 and R5 tropic HIV-1 

by hBD2 when added 12 hours after virus in the presence of serum200. 

Several studies have highlighted the importance of beta defensins in HIV-1 

infection. Transmission of HIV-1 through oral secretions is rare compared to genital 

secretions and breast milk208. Beta defensins are found in salivary glands, salivary 

secretions, and gingival epithelia209. We have demonstrated that hBD2 is highly 

expressed in healthy individuals while hBD2 expression is dramatically decreased in 

HIV infected individuals8. There is a correlation between single nucleotide 
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polymorphisms in the 5' untranslated region (5'UTR) of DEFB1, which encodes 

hBD1, and mother-to-child transmission, virological parameters, and risk of being 

infected210-215. Although not as potent in vitro as hBD2 or hBD3, hBD1 inhibits X4 

and R5 tropic HIV-1 in primary cells in the presence of serum8. 

In addition to direct antimicrobial effects, defensins function as immune 

modulators which may inhibit or contribute to transmission and/or disease 

progression. The enteric alpha defensin, HD5, is also found in cervical lavage fluid, 

epithelium of the vagina and ectocervix, and in the urethra of males with the sexually 

transmitted infections, Chlamydia trachomatis and N. gonorrheae216-218. Both HD5 

and HD6 enhance HIV-1 infection in primary CD4+ T cells. HD5 and HD6 do not 

induce proliferation and the enhancement is independent of both CD4 and co-

receptors. The increase in infection was observed in both the presence and absence of 

serum and was more pronounced for R5 tropic virus compared to X4 tropic virus217. 

The role of defensins in mucosal immunity and HIV-1 is complex. Beta defensins 

inhibit HIV-1 by multiple mechanisms. Beta defensins may also enhance both innate 

and adaptive immune responses through the recruitment of immune cells to sites of 

inflammation and through the induction of proinflammatory cytokines and 

chemokines.  

 

HIV pathogenesis 

During the course of HIV-1 infection, there is an initial rapid loss of CD4+ T 

cells and high viral replication in lymphoid tissue and blood resulting in high viremia. 

Following peak viremia, there is a reduction to a steady-state level of viral 
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replication, the viral set point219. A higher viral set point is associated with faster 

progression to AIDS while a lower viral set point is associated with slower disease 

progression220, 221. The acute phase of HIV infection is the early stage of infection 

following virus acquisition prior to the development of HIV specific antibodies, 

seroconversion, which typically lasts 3 to 4 weeks but may last up to 6 months222, 223. 

It is during the acute phase of the infection that significant damage within the CD4+ T 

cell compartment and gut mucosal barrier occurs, thereby setting the stage for 

eventual immune failure. After virus has crossed the mucosal membrane, the initial 

target cells are CD4+ T cells within the lamina propria224. Resting CD4+ T cells 

initially account for approximately 90% of the productively infected cells224-226. 

Within the first week the initial foci of infection undergoes local expansion in resting 

and activated CD4+ T cells, macrophages and DCs. After the first week, virus and 

infected cells reach the draining lymph nodes where exponential viral growth occurs 

(Figure 1.9). Viral replication and spread is enhanced in draining lymph nodes due to 

the presence of activated CD4+CCR5+ T cells and virus bound to DC-SIGN on DCs 

and CD21 on B cells227, 228. Dissemination to secondary lymphoid tissue, most 

notably the GALT, is accompanied by high levels of viral replication and peak viral 

loads in blood (often greater than 106 RNA copies/ml) and genital secretions which 

enhance transmission rates229, 230. 

During the acute phase of HIV infection, there is a significant depletion of 

CD4+ memory T cells which occurs in the peripheral blood, lymph nodes and the 

GALT, the site with the most pronounced depletion231-233. Based on the SIV model of 

infection, it is estimated that 60% of mucosal memory CD4+ T cells and 30 to 60% of 
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total memory CD4+ T cells throughout the body are infected at the peak of infection 

and 80% of the infected cells are eliminated within 4 days from peak viremia 

(approximately 10 to 14 days from infection) by virus-induced cytolysis or by an 

immune mediated mechanism232. This equates to a loss of 24 to 48% of all memory 

CD4+ T cells within the first two weeks of infection232. 

 

 

Reprinted by permission from Macmillan Publishers Ltd (License #2642290125766): Haase et al., 
Nature Reviews Immunology, 5, 783-92 (2005). 
 
Figure 1.9. Viral growth curve in cervicovaginal tissue in vivo. 
The growth of virus over time in cervicovaginal tissue in vivo is shown. The growth curve has the 
same shape as that of virus in culture, and the phases of growth that are noted are given the same 
names as those of viral growth in culture. The amount of virus in the inoculum and in the tissue at each 
stage is indicated. During adsorption and penetration, only a small proportion of the virions that are 
present in the inoculum reach target cells in the lamina propria. During eclipse, viral DNA is detectable 
in a small number of cells, but viral RNA and new virions are not. Expansion of this small founding 
population results in detectable concentrations of viral RNA and new virions 4–6 days after exposure. 
In the ensuing exponential phase, virus replicates to peak concentrations at 10 –14 days after exposure. 
Concentrations then decline over the next 14 days. 
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The preferential infection and depletion within the GALT may be attributable 

to several factors. The majority of total CD4+ T cells reside in the GALT of which 

high levels are activated effector memory CD4+ T cells, a phenotype that 

preferentially supports high levels of viral replication35, 231. In addition to the absolute 

number of activated effector memory CD4+ T cells within the GALT, GALT CD4+ T 

cells express receptors that enhance infection. The majority of mucosal CD4+ T cells 

express the HIV co-receptor CCR5 and CD4+ memory T cells within the lamina 

propria of the gut also express α4β7234-238. α4β7 is an integrin which mediates 

migration to and retention of T cells in the lamina propria. Binding by the HIV-1 viral 

envelope protein gp120 to α4β7 activates LFA-1 which induces the formation of a 

virological synapse through an interaction with its ligand ICAM-1 thereby enhancing 

the efficiency of cell-to-cell spread of HIV within the GALT234, 239. In contrast to 

peripheral blood CD4+ T cells, complete CD4+ T cell reconstitution does not occur in 

the gut lamina propria240. It is estimated that 50 to 60% of lamina propria CD4+ T 

cells remain depleted despite uninterrupted and suppressive highly active 

antiretroviral therapy (HAART) 241.  

High viral loads and severe depletion of mucosal CD4+ T cells occurs during 

the acute stage of pathogenic (rhesus macaques) and non-pathogenic (sooty 

mangabeys and African green monkeys) SIV models of infection242, 243. Chronic 

depletion of CD4+ T cells either naturally or induced even in the presence of high 

viremia rarely leads to AIDS in sooty mangabeys244-246. Therefore, additional factors 

must contribute to disease progression in rhesus macaques and humans which leads to 

immune failure such as the loss of specific subsets of CD4+ T cells. One important 
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factor that contributes to disease progression is systemic immune activation; one of 

the strongest predictors of disease progression247, 248. Interestingly, in the non-

pathogenic SIV infection of sooty mangabeys and African green monkeys there is a 

lack of immune activation compared to the pathogenic SIV infection of rhesus 

macaques249, 250. 

In addition to the depletion of CD4+ T cells within the GALT, damage to 

mucosal surfaces and lymphoid architecture occurs early in infection thereby 

impairing mucosal barrier function251-253. There is a disruption of the follicular DC 

network and lymphoid follicle damage occurs in PPs with up to 50% of germinal 

centers, regions where B cells proliferate, lost within the first 80 days of infection253. 

The breaches to mucosal surfaces and defects in mucosal immune responses 

contribute to gastrointestinal microbial translocation which causes immune 

activation254. Immune activation increases the turnover of CD4+ T cells, CD8+ T cells, 

and NK cells, drains the memory T cell pools due to clonal exhaustion, and results in 

increased levels of proinflammatory cytokines. Chronic inflammation may also 

damage lymphoid tissue resulting in abnormal T cell trafficking/retention thereby 

influencing the ability to replenish mucosal effector cells. Immune activation results 

in polyclonal activation of B cells and notably increases T cells with activated 

phenotypes which increases the number of target cells for the virus255-262. 

The acute phase of infection is followed by the chronic phase where there is 

an initial increase in peripheral blood CD4+ T cells. The chronic phase can last weeks 

to years and is characterized by a slow progressive loss of CD4+ T cells and a slow 

rise in viremia leading to AIDS. Damage to the immune system and the decline of 
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peripheral blood CD4+ T cells result in immune system failure and the emergence of 

opportunistic infections and tumors263, 264. A schematic representation of the clinical 

progression of HIV depicting blood viremia and CD4+ T cell count in both blood and 

mucosal tissues during the acute stage, chronic stage, and AIDS is shown in Figure 

1.10. 
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Reprinted by permission from Macmillan Publishers Ltd (License #2642310361417): Grossman et al. 
Nature Medicine, 12, 289 – 295 (2006). 
 
Figure 1.10. Clinical progression of HIV. 
Changes in mucosal and blood CD4+ T cell numbers and in viremia level over the course of HIV 
infection are shown schematically in relation to changes in relative level of immune activation and in 
the regenerative capacity and target cell selectivity. In the acute phase (left portion), mucosal T cells 
(purple) are rapidly lost, viremia (green) rapidly rises to a maximum, CD4+ cell counts (blue) decline 
sharply at first because of trapping in lymphoid tissues but then rise again to a moderate subnormal 
level. The immune system becomes highly active (red). The regenerative capacity of the immune 
system remains largely intact (from ++++ to +++). Target T cell selectivity of the virus is somewhat 
reduced (+++), despite the fact that only CCR5-using CD4+ T cells become infected, because the high 
concentration of both virus and activated CD4+ T cells facilitate bystander infection and killing. In the 
chronic phase, immune activation steadily increases. Mucosal CD4+ T cell numbers remain low, CD4+ 
T cell count slowly declines, and viremia rises. Regenerative capacity is gradually lost towards the 
later part of the chronic phase (++), and so is target cell selectivity as the restriction of viral replication 
to highly localized clusters of target T cells no longer applies to the same degree and the virus adapts 
through mutation selection. As overt AIDS approaches, changes seen in the chronic phase accelerate, 
the regenerative capacity is destroyed (+), and the number of mucosal T cells becomes very small. 
 

CCR6 and HIV 

One factor leading to the breakdown in the gut mucosal integrity and 

subsequent immune activation may be the depletion of specific subsets of CD4+ T 
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cells within the GALT. The chemokine receptor CCR6 is of crucial importance in 

mucosal immunity where it mediates mucosal homeostatic and inflammatory 

conditions13, 99, 265, 266. CCR6 is expressed on immature dendritic cells, 

effector/memory T cells, B cells, NKT cells, NK cells, neutrophils, keratinocytes, and 

intestinal epithelial cells14, 171, 267-272. The cognate ligand for CCR6, MIP-3α (CCL20), 

is chemotactic for immature dendritic cells (DCs), effector/memory T cells, and B 

cells while also having direct antimicrobial properties13, 273, 274. In addition to MIP-3α, 

hBD2 is chemotactic for memory T cells, immature dendritic cells and TNFα treated 

neutrophils via CCR611, 12. Lack of CCR6 in mice is associated with intestinal 

lymphoid structure defects, suggesting that it is required in the development of 

mucosal lymphoid tissues266, 275. Specifically, the absence of CCR6 results in a block 

in the development of ILFs at the stage of B cell influx266. The absence of ILFs 

results in a profound alteration in the composition of the intestinal flora99. MIP-3α is 

produced at mucosal sites including ILFs by FAE and recruits DCs and B cells which 

account for a significant portion of the cellular population within ILFs266, 276. CCR6 

deficient mice have reduced levels of intestinal B cells, diminished production of 

antigen specific IgA, and defects in T cell priming265, 266, 277, 278. Although the number 

of PPs is not altered, they are diminished in size with fewer B cells and follicular 

domes266. CCR6 deficient mice also have reduced numbers of M cells and regulatory 

CD4+ T cells in PPs279. Intestinal bacteria induce the expression of hBD2 via the 

innate epithelial receptor, nucleotide-binding oligomerization domain containing 1 

(NOD1) and TLR499, 280. Mice deficient in the mouse orthologue of hBD2 display 

similar defects in the development of ILFs as CCR6 deficient mice. Furthermore, 
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blocking MIP-3α with neutralizing antibodies also leads to a significant reduction in 

ILF formation indicating that MIP-3α and hBD2 have non-redundant roles in the 

development of ILFs99. These findings further highlight the importance of the 

CCR6/MIP-3α/hBD2 axis in the maintenance of intestinal homeostasis. 

Beyond its role in intestinal inflammatory and homeostatic functions, CCR6 is 

expressed on T cell populations within the gut that enhance infection as well as T 

cells that are selectively depleted. As previously mentioned, the interaction between 

gp120 and α4β7 activates LFA-1 which increases the efficiency of HIV-1 infection234, 

281, 282. CCR6 is expressed on all CD4+α4β7+ T cells of the GALT14. CCR6 is also 

expressed on all IL-17 producing T cells and is critical for Th17 cell homing to 

Peyer’s patches 15, 16, 283, 284. Th17 are a subset of CD4+ T cells that produce IL-17 and 

are an important component of mucosal immune defenses against extracellular and 

intracellular bacteria and fungi. IL-17 is associated with reduced bacterial or fungal 

burden and/or increased survival in many opportunistic infections observed in AIDS 

patients (Table 3 summarizes the pathogens that Th17 cells contain)285, 286. IL-17 

plays an essential role in epithelial and mucosal defenses through the recruitment of 

neutrophils and induction of inflammatory factors including: granulocyte colony-

stimulating factor (G-CSF), macrophage inflammatory protein-2 (MIP-2), IL-8, IL-6, 

MCP-1, CXCL-8, CXCL-1, CXCL-10, prostaglandin E2, nitric oxide, matrix 

metalloproteases, and acute phase proteins287-294. IL-17 is an extremely potent inducer 

of MIP-3α and hBD2 (>75 fold) in epithelial cells which have both antimicrobial 

properties and immunomodulatory properties144, 295. IL-17 is also involved in 

enterocyte homeostasis through the induction of mucin, claudins (components of 
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epithelial tight junctions), and through the induction of hBD2 which as, previously 

mentioned, contributes to wound repair by inducing migration and production of 

mucins179, 188, 296-298. IL-17 is produced by Th17 cells, γδ T cells, CD8+ memory T 

cells, neutrophils, monocytes, invariant natural killer (iNKT) cells, and lymphoid-

tissue inducer (LTi) like cells16, 284, 291, 299. 

Of particular interest to HIV at mucosal sites are the IL-17 producing Th17 

and γδ T cells which express CCR615, 16, 283, 284. In HIV and pathogenic SIV infection 

of rhesus macaques, Th17 cells are preferentially depleted from the gut which 

correlates with disease progression300, 301. During the acute phase of non-pathogenic 

SIV infection, Th17 cells are depleted from the gut of sooty mangabeys and African 

green monkeys but are subsequently restored300. Sooty mangabeys and African green 

monkeys do not progress to AIDS and do not display immune activation after the 

acute phase of infection254, 300. Evidence suggests that chronic immune activation is 

due to microbial translocation across the gut and that Th17 cells play a critical role in 

the prevention of microbial dissemination from the intestinal mucosa254, 302. 

Preferential depletion of Th17 cells also occurs in peripheral blood where there is a 

10-fold reduction in the blood of chronically HIV infected individuals303. The loss of 

Th17 cells from peripheral blood occurs while total CD4+ T cell count is maintained 

suggesting depletion occurs before the onset of disease303. In a study involving HIV-

infected children, a significant negative correlation between Th17 cell frequency and 

plasma viremia was found304. Peripheral blood Th17 cells are infected in vivo but are 

not preferentially infected300. However, the infection frequency in the gastrointestinal 

tract has not been evaluated and may yield different results as CCR5 is expressed on 
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approximately 30% of peripheral blood Th17 cells compared to 60% in lymphoid 

tissue (tonsils)305. There is a report suggesting that HIV positive individuals have 

increased levels of IL-17 producing CD4+ T cells compared to uninfected controls299. 

These contradictory findings could be attributable to potential differences in 

peripheral blood Th17 levels that may occur at different periods after infection or 

may highlight the difference between mucosal and peripheral blood Th17 cells.  

Th17 cells produce other pro-inflammatory cytokines including IL-22306. IL-

22 induces the expression of hBD2 and hBD3147, 307. IL-22 also upregulates the 

expression of the LPS-binding protein (LBP) by hepatocytes with blood levels 

reaching concentrations known to neutralize LPS308, 309. LBP binds bacterial 

components such as LPS and peptidoglycans facilitating the transfer to cellular 

pattern recognition receptors which stimulates the production of reactive oxygen 

species and the production of pro-inflammatory cytokines310-312. LBP opsonizes 

bacteria which enhances bacterial clearance via phagocytosis by monocytes and 

macrophages313. High levels of LBP neutralize LPS thereby limiting the pro-

inflammatory response induced by LPS in the blood308, 309, 314. Based on their roles in 

recruiting immune cells, inducing antimicrobial products, inducing LBP, and 

maintenance of mucosal integrity, the loss of Th17 cells may be critical to 

maintaining intestinal barrier function thereby reducing microbial infections and/or 

preventing microbial translocation.  

Γδ T cells are an additional cellular source of IL-17. These cells are a small 

subset of T cells that predominately reside in the gut and mucosae and have an 

essential role in mucosal immunity. Uninfected sooty mangabeys have significantly 
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higher numbers of γδ T cells compared to humans and the γδ T cells remain 

responsive to bacterial antigens after SIV infection246. In contrast, uninfected humans 

have lower levels of γδ T cells than sooty mangabeys and the γδ T cells of HIV 

infected humans and SIV infected rhesus macaques are anergic to stimulation with 

bacterial antigens246, 315. Γδ T cells can be grouped based on the rearrangement of 

their T cell receptor genes. The Vγ2-Jγ1.2Vδ2 subset is preferentially depleted in 

HIV infected individuals and not restored by HAART316. The Vγ2Vδ2 T cells are 

depleted early in HIV infected individuals; however this γδ T cell subset is preserved 

in natural viral suppressors317. Natural viral suppressors (NVS) are a population of 

HIV infected individuals that do not show disease progression (maintain plasma HIV 

RNA < 400 copies/ml for at least two years) without the use of antiretroviral drugs318. 

Additionally, NVS have approximately twice as many Vγ2Vδ2 T cells compared to 

uninfected healthy controls317. 

In addition to the CD4+α4β7+, Th17, and IL-17 producing γδ T cells of the 

gut, CCR6 is also expressed on peripheral blood CD4+ T cells that are highly 

susceptible to HIV infection. CCR6 is preferentially expressed on peripheral blood 

memory CD4+CD45RO+ T cells and CD4+CCR5+ T cells, two cell populations that 

are highly susceptible to HIV-1 (Figure 1.11). 
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A 

B 

 
Figure 1.11. CCR6 expression on primary peripheral blood cell subsets. 
(A) Representative FACS dot plots of PBMC or CD4+ T cells co-stained with CD4, CCR6, CD45RO, 
and CCR5. (B) The frequency of CCR6 on CD4+ PBMC, CD4+ T cells, CD4+CD45RO+ T cells, and 
CD4+CCR5+ T cells. 

 

Peripheral blood CD4+CCR6+ T cells are preferentially depleted during 

disease progression where they traffic to the spleen and undergo apoptosis18. Our 
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results demonstrate that peripheral blood CD4+CCR6+ T cells are highly susceptible 

to both R5 and X4 tropic HIV (Figure 1.12). Two recent reports support these 

findings that CD4+CCR6+ T cells are more permissive to infection17, 19. Gosselin et al. 

showed that CD4+CCR4+CCR6+ T cells and CD4+CXCR3+CCR6+ T cells are highly 

permissive to both R5 and X4 tropic HIV, and CCR6+ T cells harbored higher levels 

of integrated HIV DNA in treatment-naïve HIV infected individuals. Further, the 

levels of total CCR6+ T cells, CCR4+CCR6+ T cells, and CXCR3+CCR6+ T cells 

were lower in chronically infected individuals despite being on HAART17. El Hed et 

al. showed in CD4+ T cells a preferential reduction in CCR5+CCR6+ cells compared 

to CCR5+CCR6¯ cells in both untreated and treated individuals suggesting 

preferential targeting of the CCR6+ cells19. 
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Figure 1.12. CD4+CCR6+ T cells are more susceptible to HIV infection. 
Primary CD4+ T cells were separated into CCR6+ and CCR6¯ populations and infected with (A) HIVIIIB or (B) 
HIVBaL. At the indicated time points, HIV p24 in tissue culture supernatant was quantified by ELISA. Shown 
here are mean p24 ng/ml (± SEM) of 2 independent experiments that used cells from different donors. 
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Specific Aims 

 Mucosal transmission of HIV-1 through the female and male genital tracts is 

estimated to occur in less than 1 in 200 exposures (0.5%)98. The identification of the 

intrinsic factors that limit or restrict HIV-1 replication is important for the 

development of both microbicides for prevention and therapeutics. Human defensins 

are potent anti-HIV-1 factors and are one component of innate immunity. Of 

particular interest are human beta defensins; these cationic antimicrobial peptides are 

expressed at sites relevant to both HIV-1 transmission and replication. The vast 

majority of our understanding regarding the mechanism of antimicrobial activity of 

human beta defensins is drawn from studies using bacteria. Human beta defensins 

also inhibit both enveloped and non-enveloped viruses (Table 1). To date the anti-

viral properties of beta defensins have focused on interactions between the beta 

defensin and virus or modulation of target cell receptors used for entry. In addition to 

direct antimicrobial activity, beta defensins have immunomodulatory properties that 

are receptor mediated. Our previously published findings suggest that hBD2 also 

inhibits HIV-1 after entry. Therefore, we hypothesis that hBD2 inhibits HIV-1 after 

entry and this intracellular inhibition is receptor mediated. The goal of this work was 

to identify the intracellular mechanism of inhibition mediated by hBD2 and to 

identify the hBD2 mediated signaling pathways that influence HIV-1 replication. 
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Chapter 2: Materials and Methods 
 

Isolation and culture of primary cells and cell lines 

Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood 

of healthy human subjects with the use of Histopaque (Sigma-Aldrich). CD4+ T cells 

(purity of > 95% when analyzed by flow cytometry) were isolated from unstimulated 

PBMCs using the CD4+ T Cell Isolation Kit II (Miltenyi Biotec). CD4+CCR6+ T cells 

were isolated from unstimulated CD4+ T cells using a CCR6-PE antibody (BD 

Biosciences) and anti-PE microbeads (Miltenyi Biotec). PBMCs, CD4+ T cells, 

CD4+CCR6+ T cells, and CD4+CCR6¯ T cells were maintained in complete RPMI-

1640 media. Activated cells were obtained by stimulation with 10 ng/ml IL-2 and 5 

µg/ml phytohemagglutinin for 48 hours. Activated PBMCs were maintained in 

complete RPMI-1640 media and 10 ng/ml IL-2 at a density of less than 2 x 106 

cells/ml. JKT-FT7 and JKT-FT7 CCR6 GFP cells, derivatives of the Jurkat CD4+ T 

lymphoblastoid cell line, were maintained in complete RPMI-1640 media. The JKT-

FT7 and JKT-FT7 CCR6 GFP cell lines were a gift from Dr. Sam Hwang. 

Flow cytometry 

Cells were surface stained with fluorochrome-conjugated antibodies and isotype-

matched anti-IgG controls for 20 minutes, washed, fixed with 3% paraformaldehyde, 

and acquired on a FACSCalibur flow cytometer (BD Biosciences) with a minimum of 

10,000 gated events. Lymphocytes were gated based upon forward and side scatter 

profiles. Gated populations were analyzed using FlowJo software (Tree Star, Inc.). 

Surface expression levels of CCR6 were quantified using QuantiBRITE PE beads 

(BD Biosciences). FITC- or PE-conjugated CD4, APC-conjugated CD45RO, PE- or 
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APC-conjugated CXCR4, PE-conjugated CCR4, APC-conjugated CCR5, PE-

conjugated CCR6 were purchased from BD Biosciences. PE-conjugated CCR2 was 

purchased from R&D Systems. 

Virus production 

HIVIIIB (X4 tropic) was prepared from acutely infected PM1 cells grown in complete 

RPMI-1640 media. HIVBaL (R5 tropic) was prepared from monocyte-derived 

macrophages in RPMI-1640 media/human AB serum. 

Infectivity assays – p24 

Activated PBMCs, CD4+CCR6+ T cells, CD4+ CCR6¯ T cells, JKT-FT7, or JKT-FT7 

CCR6 GFP (105 cells/well) were infected for 2 hours with 100 TCID50 of HIVBaL or 

HIVIIIB. After 2 hours, cells were washed with phosphate-buffered saline (PBS), and 

complete media was added with the appropriate treatment. Infection was monitored 

by p24 enzyme-linked immunoabsorbent assay (ELISA) with the use of a 

commercially available kit (PerkinElmer Life and Analytical Sciences). 

Infectivity assays – Early reverse transcripts 

 
Activated PBMCs (106 cells/time point) were untreated or pretreated with 

azidothymidine (AZT) or T20 and infected for 2 hours at 37°C with 300 TCID50 of 

Dnase I–treated HIVIIIB or HIVBaL. Cells were trypsin treated, washed with PBS to 

remove extracellular virus, and resuspended in complete media and IL-2 (10 ng/ml), 

and infected untreated cells were incubated in the presence or absence of hBD2 (0.8-

20 µg/ml). Total cellular DNA was extracted with the use of the Dneasy Blood and 

Tissue Kit (QIAGEN) at 4, 8, and 24 hours. DNA was analyzed by real-time 

quantitative polymerase chain reaction (qPCR) with iQSYBR green supermix (Bio-
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Rad) with the use of primers specific for HIV-1 Strong Stop cDNA and Albumin. 

Reactions were performed in triplicate with the use of a Bio-Rad iQ5 Real-Time PCR 

machine with number of copies calculated with dilutions of HxB2 plasmid DNA. 

 

JKT-FT7 and JKT-FT7 CCR6 GFP cells (0.5 x 106 cells/time point) were untreated or 

pretreated with AZT and infected for 2 hours at 37°C with Dnase I–treated HIVIIIB at 

a multiplicity of infection of 0.001. Cells were trypsin-treated, washed with PBS to 

remove extracellular virus, and resuspended in complete media, and infected 

untreated cells were incubated in the presence or absence of hBD2 (20 µg/ml) or 

MIP-3α (5 µg/ml). Total cellular DNA was extracted with the use of the Dneasy 

Blood and Tissue Kit (QIAGEN) at 4, 8, and 24 hours and analyzed by real-time 

quantitative PCR with iQSYBR green supermix (Bio-Rad). Reactions were 

performed in triplicate in parallel with sets of known quantitative standards for HIV 

DNA and albumin. HIV DNA was quantified with the use primers for specific for 

HIV-1 Strong Stop cDNA and the number of copies were normalized to copies of 

albumin. 

 

Gene Primer sequence 
Annealing 

Temp 
   
HIV-1 Strong Stop 
cDNA (LTR/RU5) 

F: 5’-GGCTAACTAGGGAACCCACTG-3’ 
R: 5’-CTGCTAGAGATTTTCCACACTGAC-3’ 60°C 

   
Albumin F: 5’-TGTTGCATGAGAAAACGCCA -3’ 

R: 5’-GTCGCCTGTTCACCAAGGAT -3’ 62°C 

 



 

 48 
 

Quantitative RT-PCR 

Activated CD4+ T cells, JKT-FT7, and JKT-FT7 CCR6 GFP cells (0.5x106 cells per 

timepoint) were untreated or pre-treated with actinomycin D (10 µg/ml) and 

subsequently incubated in the presence or absence of hBD2 (20 µg/ml). RNA was 

extracted with the use of the Rneasy Kit (Qiagen) at the indicated timepoints. First-

strand cDNA was synthesized from 500 ng total RNA with the use of the iScript 

cDNA Synthesis Kit (Bio-Rad). cDNA was analyzed by qPCR with iQSYBR green 

supermix (Bio-Rad) with the use of primers specific for APOBEC3G, IL-8, IRF-4, 

and 18S. ΔΔCt method was used to calculate fold change between untreated and 

treated cells normalized to 18S ribosomal RNA. 

 

Gene Primer sequence 
Annealing 

Temp 
   
APOBEC3G F: 5’-CGCAGCCTGTGTCAGAAAAG-3’ 

R: 5’-CCAACAGTGCTGAAATTCGTCATA-3’ 60°C 

   
IL-8 F: 5’-GCCAACACAGAAATTATTGTAAAGCTT-3’ 

R: 5’-TTCTCAGCCCTCTTCAAAAACTTC-3’ 60°C 

   
IRF-4 F: 5’-ACCCGCAGATGTCCATGAG-3’ 

R: 5’-GTGGCATCATGTAGTTGTGAACCT-3’ 60°C 

   
18S F: 5’-ATCAACTTTCGATGGTAGTCG-3’ 

R: 5’-TCCTTGGATGTGGTAGCCG-3’ 60°C 

 

Cell metabolism and proliferation assay 

Cell metabolism was determined by MTS assay (Promega). Cells (105 cells/well) 

were cultured in triplicate in 96-wells plates with media alone as a control or 

experimental condition, in triplicate, and then the MTS/PMS mixture was added and 

incubated 1 to 4 hours before spectrophotometric absorbance reading at 490 nm. OD 
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ratios of treated/control cells were calculated as percentages. Cell proliferation was 

determined by 3H-thymidine uptake. 

Immunoblotting 

Unstimulated PBMC and CD4+ T cells were incubated in the presence or absence of 

hBD2 (20 µg/ml) for 0, 4, 8, and 24 hours. Activated PBMC and CD4+ T cells were 

incubated in the presence or absence of IL-2 (10 ng/ml), hBD2 (20 µg/ml), hBD3 (20 

µg/ml), MIP-3α (5 µg/ml), or HNP-1 (5 µg/ml) for 0, 4, 8, and 24 hours. Activated 

CD4+ T cells were stimulated with 0.0, 0.2, 2.0, or 20.0 µg/ml for 4 and 8 hours. JKT-

FT7 and JKT-FT7 CCR6 GFP cells were incubated for 8 hours in the presence or 

absence of hBD2 (20 µg/ml) or MIP-3α (5 µg/ml). Activated PBMC and CD4+ T 

cells were untreated or pre-treated with 20 µM of U0126 (Cell Signaling) for 1 hour 

at 37°C. Cells were incubated with hBD2 (20 µg/ml) for 4 hours. Cells were lysed 

with buffer containing 50mM HEPES, pH 7.4, 125mM NaCl, 0.2% NP-40, 0.1mM 

PMSF, and 1x EDTA-free protease inhibitor cocktail (Calbiochem). Total protein 

concentration was determined by DC Protein Assay (Bio-Rad), and equal amounts of 

total protein were subjected to sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis analysis. The primary antibodies included anti-APOBEC3G rabbit 

antisera (National Institutes of Health National Institutes of Health AIDS Research 

and Reference Reagent Program) and mouse anti–β-actin (Abcam). 

 

JKT-FT7 CCR6 GFP cells were incubated in the absence or presence of hBD2 (20 

µg/ml) or ionomycin (500 ng/ml) for 30 and 60 minutes. Nuclear and oieties ic 

extracts were obtained using NE-PER Nuclear and Cytoplasmic Extraction Kit 
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(Thermo Scientific). Protein concentration was determined by DC Protein Assay 

(Bio-Rad), and equal amounts of nuclear and cytoplasmic protein were subjected to 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis analysis. The primary 

antibodies included NFATc1 (BD Pharmingen), NFATc2 (BD Pharmingen), Histone 

H3 (Cell Signaling) and GAPDH (Cell Signaling). 

 

JKT-FT7, JKT-FT7 CCR6 GFP, activated PBMC, and activated CD4+ T cells were 

incubated in the absence or presence of hBD2 (20 µg/ml) or MIP-3α (5 µg/ml) for 1 

and 5 minutes. Cells were lysed with RIPA buffer (Sigma) containing 0.1mM PMSF, 

1x EDTA-free protease inhibitor cocktail (Calbiochem), 1x Phosphatase Inhibitor 

Cocktail 2 and 3 (Sigma). Total protein concentration was determined by DC Protein 

Assay (Bio-Rad), and equal amounts of total protein were subjected to sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis analysis. The primary antibodies 

included Phospho-ERK1/2 and Total ERK1/2 (Cell Signaling). 

siRNA knockdown of APOBEC3G 

Small interfering RNAs (siRNAs) targeting APOBEC3G messenger RNA, previously 

described319 (A3G, 5’-GCAUCGUGACCAGGAGUAUdTdT-3’), were chemically 

synthesized by QIAGEN. A mutant APOBEC3G siRNA (A3G mutant, 5’-

GCAUCGUGCACAGGAGUAUdTdT-3’) containing a 2-nucleotide mismatch (bold 

underline) was used as a negative control. CD4+ T cells were transfected with the 

siRNA with the use of an AMAXA nucleofector (program V-024; 2 µg of siRNA per 

5 x 106 cells). 
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Chemotaxis assay 

The in vitro chemotaxis was performed with the ChemoTx System (Neuro Probe 

#101-5) 96-well cell migration system. Thirty microliters of JKT-FT7 or JKT-FT7 

CCR6 GFP cells (cells suspended in RPMI-1640 with 1% fetal bovine serum at 106 

cells/ml) were added to the upper filter with a pore size of 5 µm and the indicated 

chemoattractants in the lower wells. The cells were incubated at 37°C and 5% CO2 

for 2 hours. The results were presented as the mean chemotactic index, defined as the 

fold increase in the number of migrated cells in the presence of chemotactic factors 

over cell migration in the presence of media alone. 

Total chemical synthesis of defensins and MIP-3α 

hBD2 and hBD3, HNP-1, and MIP-3 were chemically synthesized by solid-phase 

peptide synthesis with the use of a custom-modified procedure tailored from the 

previously published in situ neutralization protocol developed for Boc chemistry. The 

β connectivity of 3 disulfide bonds (Cys1-Cys5, Cys2-Cys4, Cys3-Cys6) in highly 

pure synthetic hBD2 was independently verified by mass mapping of peptide 

fragments generated by enzymatic digestion and Edman degradation. Correct folding 

of synthetic MIP-3α was demonstrated by the solution of its high-resolution x-ray 

crystal structure. Protein concentrations were determined by absorbance 

measurements at 280 nm with the use of molar extinction coefficients. The peptides 

were synthesized, characterized and kindly provided by Dr. Wuyan Lu. 
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Chapter 3: Human Beta Defensin 2 Inhibits HIV-1 by an 
Intracellular Mechanism 
 

Introduction 

 In addition to reduced infectivity, our previously published data obtained 

performing time-of-addition experiments suggests an additional mechanism of 

inhibition that occurs after entry8. We reasoned that inhibition by hBD2 when added 

after virus could be attributed to several mechanisms: inactivation of budding virus, 

inhibition of fusion, down-regulation of co-receptors, and/or a receptor mediated 

intracellular mechanism. 

Defensins have membrane disrupting properties127, 148, 151-153. Both alpha and 

theta defensins inhibit HIV by binding glycan oieties of CD4 and gp120197. Alpha 

defensins also inhibit adenovirus, a non-enveloped virus, through an interaction with 

the virus that inhibits virus disassembly restricting endosomal membrane penetration 

during cell entry320, 321. Further, hBD2 and hBD3 bind directly to HIV virions10. 

Therefore the inhibition of HIV by hBD2 when added after the virus could be 

attributed to inactivation of budding virus resulting in a decrease in infectivity or 

inhibition of fusion during subsequent rounds of infection. To determine if the 

inhibition observed when hBD2 is added after the virus is due to inactivation of 

budding virus, two approaches were employed. First, a single-cycle infection assay 

was used with the HIV luciferase virus pseudotyped with AMLV envelope that enters 

independent of CXCR4 or CCR5. Second, a fusion assay utilizing HeLa cells 

overexpressing HIV-1 gp160 (IIIB or BaL) and a T7 promoter luciferase construct 
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were co-cultured with PBMC expressing T7 polymerase. In these assays, hBD2 

inhibited single-round HIV infection but did not inhibit cell-cell fusion mediated by 

X4 or R5 tropic HIV8, 9. Therefore, we conclude that the mechanism of inhibition 

when added after the virus cannot be solely attributed to reduced infectivity or 

inhibition of fusion of newly budding virus. 

Another proposed mechanism of HIV inhibition by beta defensins in PBMCs 

involves down-regulation of the co-receptor, CXCR4 but not CCR510. However, in 

our previously published results we did not observe cell surface modulation of 

CXCR4 by hBD1 or hBD2 using unstimulated and PHA activated PBMCs. Further, 

we did not observe cell surface modulation of CD4 or CCR5 by hBD1 or hBD2 using 

unstimulated and PHA activated PBMCs. Restriction of the analysis to CD4+ cells 

also did not reveal modulation of HIV receptor expression. Therefore our results 

show that treatment with hBD1 and hBD2 does not significantly modulate HIV 

receptors in PBMCs8. There are three differences in materials and methods between 

our findings and that of Quinones-Mateu et al. that may explain the discordant 

results. First, serum was present in the media during our assays as serum is present in 

the media during our infectivity assays where we see inhibition by defensins. Second, 

a higher concentration of defensin, 30 μg/ml versus 20 μg/ml, was used. Third, the 

defensins used in our assays are synthetic compared to recombinant hBD1, hBD2, 

and hBD3-His used by Quinones-Mateu et al. Interestingly, lipopolysaccharides 

(LPS), the major structural component of the outer membrane wall of Gram-negative 

bacteria, inhibits infection by X4 tropic HIV-1 in primary human macrophages via 

the down-regulation of both CD4 and CXCR4 independent of the induction of 
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stromal cell-derived factor-1 (SDF-1), the only known ligand of CXCR4322. CXCR4 

has also been identified as a receptor for LPS323. One possible explanation for the 

observed down-regulation of CXCR4 by recombinant beta defensins could be LPS 

contamination. However, due to the experimental differences we cannot rule out the 

possibility that recombinant beta defensins in the absence of serum down-regulate 

CXCR4. 

 Our current understanding of the inhibition of HIV-1 by hBD2 suggests that it 

is likely mediated by multiple mechanisms. Based on our findings, we hypothesize 

that one mechanism of inhibition occurs after virus entry and is receptor mediated. 

We have previously demonstrated that hBD2 inhibits HIV when added after infecting 

cells, hBD2 inhibits in single-cycle infection assays, and hBD2 inhibits AMLV 

pseudotype virus when added after entry. We also do not observe inhibition of fusion 

or a decrease in co-receptor expression in PBMC. In this study, we characterized the 

post-entry mechanism of inhibition by hBD2. We hypothesize that hBD2 inhibits 

post-entry by a receptor mediated mechanism involving the chemokine receptor 

CCR6. 
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Results 

Human Beta Defensin 2 does not modulate HIV co-receptor expression on CD4+ T 
cells in the presence of serum 

To further evaluate the possibility that hBD2 modulates cell surface co-

receptor expression, CD4+ T cells were isolated from PBMCs by negative selection 

and CD4+CCR6+ T cells were subsequently isolated by positive selection. Cells were 

PHA activated and maintained in complete media. Cells were treated with hBD2 (20 

μg/ml) or MIP-3α (5 μg/ml), the chemokine that binds CCR6, and evaluated by flow 

cytometry for the surface expression of CXCR4 and CCR5. We do not observe a 

decrease in the surface expression of CXCR4 with hBD2 or MIP-3α treatment in 

CD4+ T cells nor do we see a decrease in CD4+CCR6+ T cells or CD4+CCR6¯ T cells 

(Figure 3.1.B). As expected, treatment with hBD2 or MIP-3α does not result in 

surface modulation of CCR5 (Figure 3.1.C). Treatment with MIP-3α resulted in 

down-regulation of CCR6 surface expression on both CD4+ T cells and CD4+CCR6+ 

T cells while treatment with hBD2 resulted in minimal modulation of CCR6 surface 

expression (Figure 3.1.D.). 

 
A 
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Figure 3.1. hBD2 does not modulate CXCR4 or CCR5 surface expression on CD4+ T 
cells.  
(A) Flow cytometry of CD4+, CD4+CCR6+, and CD4+CCR6– T cells isolated from whole blood of healthy 
human subjects. (B) CXCR4 staining, (C) CCR5 staining, and (D) CCR6 staining of cells treated with 20 
µg/ml of hBD2 (red), 5 µg/ml of MIP-3α (blue) or received no treatment (black) for 3 hours. 
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Human Beta Defensin 2 inhibits HIV replication by an intracellular mechanism at 
an early stage of infection 

Based on our findings, hBD2 mediated inhibition of HIV-1 cannot be fully 

attributable to inactivation of budding virus, inhibition of fusion, or down-regulation 

of co-receptors. In addition to direct antimicrobial activity, hBD2 is chemotactic for 

memory T cells, dendritic cells, and TNFα treated neutrophils via the chemokine 

receptor CCR611, 12. Therefore, we hypothesize that hBD2 inhibits HIV by a receptor 

mediated intracellular mechanism.  

To test the hypothesis that hBD2 inhibits by an intracellular mechanism, we 

used a qPCR based assay to detect the presence of early reverse transcription products 

from cells infected with HIV-1IIIB (X4 tropic) or HIV-1BaL (R5 tropic) and 

subsequently treated with hBD2. PBMCs were infected, treated after infection with 

0.8 to 20 µg/ml of hBD2 and compared with infected untreated samples and samples 

pretreated with the reverse transcriptase inhibitor AZT at 2.67 µg/ml or the fusion 

inhibitor T20 at 11.25 µg/ml (Figure 3.2. Experimental design). This approach offers 

several advantages compared to the single-cycle replication and fusion assays 

previously discussed. By measuring early reverse transcription products at timepoints 

as early as 4 and 8 hours, we can eliminate the possibility of inactivation of budding 

virus involved in subsequent rounds of infection as a mechanism of inhibition. In 

addition, HIV-1IIIB and HIV-1BaL encode all the accessory proteins compared to 

single-cycle replication virus produced from pNL-Luc-E¯R¯ plasmid that encode 

frameshifts in both the env and vpr genes and firefly luciferase inserted in the nef 

gene324. The removal of virus after infecting cells by trypsin treatment and washing 

prior to the addition of defensin rules out inhibition of fusion as a mechanism. 
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Defensin treatment after virus entry and evaluation at early timepoints, eliminates any 

potential defensin mediated modulation of receptors used by HIV-1 for entry 

regardless of the presence or absence of serum. 
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Figure 3.2. Experimental design. 
 

PBMC were infected with either X4 or R5 tropic HIV, virus was removed, 

and hBD2 was added to the culture. DNA was extracted at 4, 8, and 24 hours after the 

addition of hBD2 and qPCR was performed to measure early reverse transcripts. As 

shown in Figure 3.3, treatment with hBD2 after infection inhibited the accumulation 

of early (strong stop) reverse transcription products of both X4 (Figure 3.3.A) and R5 

tropic HIV (Figure 3.3.B) infected cells at 4, 8, and 24 hours after the addition of 

hBD2. Inhibition was observed at all timepoints and all doses tested. Inhibition was 

more potent in cells infected with R5 tropic HIV. Pretreatment with AZT or T20 

inhibited both X4 and R5 HIV. 
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Figure 3.3. hBD2 inhibits the accumulation of early reverse transcription 
products of HIVIIIB and HIVBaL. 
PBMCs were infected with Dnase I–treated (A) X4 HIVIIIB or (B) R5 HIVBaL. After virus removal and 
washing, hBD2 (0.8-20.0 µg/ml) was added to the tissue culture media. Cells were pretreated with 
AZT (2.67 µg/ml) or T20 (11.25 µg/ml) as controls. Total cellular DNA was isolated at the indicated 
time points, and the presence of early reverse transcription products was determined by real-time PCR. 
Triplicate readings were averaged, and inhibition was determined as a percentage of the number of 
copies of early reverse transcription products in infected treated cells in reference to copies measured 
in untreated control infections. Shown here are mean percentage of inhibition (+ SEM) of 4 
independent experiments that used cells from different donors. 
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Post-infection inhibition is mediated by CCR6 

 
 hBD2 is chemotactic for memory T cells, immature dendritic cells, and 

neutrophils via the chemokine receptor CCR611, 12. Therefore we reasoned that the 

intracellular inhibition could be mediated by an interaction between hBD2 and CCR6. 

To test if CCR6 is involved in the hBD2 post-entry mechanism of inhibition, we used 

the Jurkat derived CD4+ T lymphoblastoid cell line JKT-FT7, which do not express 

CCR6, and JKT-FT7 CCR6 GFP, which are transfected with an expression vector 

encoding for CCR6 and express high levels of this receptor. The JKT-FT7 and JKT-

FT7 CCR6 GFP cell lines were a gift from Dr. Sam Hwang. 

 The JKT-FT7 and JKT-FT7 CCR6 GFP cells were characterized based on 

chemokine receptor expression and functionality of CCR6. The JKT-FT7 cells 

express CXCR4 and marginal levels of CCR4 but do not express CCR2, CCR5, or 

CCR6 (Figure 3.4.A). The JKT-FT7 CCR6 GFP cells exhibit similar expression 

patterns of CXCR4, CCR2, CCR4, and CCR5 while in contrast to the JKT-FT7 cells, 

the JKT-FT7 CCR6 GFP cells express CCR6 (Figure 3.4.B). To determine the level 

of CCR6 surface expression, BD Quantibrite PE Beads were used. As expected, the 

JKT-FT7 CCR6 GFP cells express high levels of CCR6 (Figure 3.4.C). As previously 

shown CCR6 is expressed on approximately 25-30% of CD4+ T cells while 

approximately 60 to 70% of CD4+CD45RO+ T cells and CD4+CCR5+ T cells express 

CCR6. Despite the difference in the frequency of cells expressing CCR6, the number 

of receptors on each subset is similar (Figure 3.4.C). 

 In addition to CCR6, CCR2 mediates chemotaxis of monocytes towards 

hBD2170. We found that JKT-FT7 and JKT-FT7 CCR6 GFP cells do not express 
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CCR2 (Figure 3.4.A and B). Therefore, an hBD2-CCR2 interaction does not 

contribute to our findings in the JKT-FT7 or JKT-FT7 CCR6 GFP cells. Consistent 

with previously published results, we found CCR2 expression to be below detectable 

levels on primary total CD4+ T cells (Figure 3.4.D)325. 
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Figure 3.4. Chemokine receptor expression. 
Flow cytometry of (A) JKT-FT7 and (B) JKT-FT7 CCR6 GFP cells. Unstained cells are shown in black, 
CXCR4-PE, CCR2-PE, CCR4-PE, CCR5-PE, and CCR6-PE, CXCR4 shown in red with gray shading. (C) 
Quantification of CCR6 expression by flow cytometry on primary CD4+ T cells and JKT-FT7 CCR6 GFP 
cells. Shown is the average number of surface CCR6 receptors. Flow cytometry of PHA stimulated CD4+ T 
cells. (D) CCR2 and CD4 staining. 
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We next tested if the CCR6 expressed on the JKT-FT7 CCR6 GFP cells is 

functional. MIP-3α, the natural ligand for CCR6, induces migration of CCR6+ cells11. 

The JKT-FT7 CCR6 GFP cells migrated in a dose dependent manner towards both 

MIP-3α and hBD2 (Figure 3.5.A and Figure 3.5.B). Neither MIP-3α nor hBD2 

induced chemotaxis of the JKT-FT7 cells which do not express CCR6 (Figure 3.4). 

The JKT-FT7 cells have the capacity to undergo chemotaxis as shown in Figure 3.5.C 

where SDF-1, the chemokine for CXCR4, was chemotactic for both the JKT-FT7 and 

JKT-FT7 CCR6 GFP cells. Chemotaxis was ligand specific as MDC, the chemokine 

for CCR4, was not chemotactic for either cell line (Figure3.5D). These results 

confirm that the JKT-FT7 CCR6 GFP cells express high levels of surface CCR6 and 

that the CCR6 is functional. 
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Figure 3.5. Chemotaxis of JKT-FT7 and JKT-FT7 CCR6 GFP cells. 
Migration of JKT-FT7 and JKT-FT7 CCR6 GFP cells in response to (A) MIP-3α, (B) hBD2, (C) SDF-1, and 
(D) MDC. Mean chemotactic index is shown at the given concentration (± SEM) of four or more independent 
experiments performed in triplicate. Asterisks indicate p<0.05 (2-tailed t test).
 
 To characterize the role of CCR6 in the intracellular inhibition of HIV, JKT-

FT7 and JKT-FT7 CCR6 GFP cells were infected with X4 tropic HIV-1IIIB (these 

cells do not express CCR5 and as such R5 tropic virus was not evaluated). After 

infection and virus removal, cells were treated with hBD2 (20 µg/ml) or MIP-3α (5 

µg/ml) and infections were measured at early time points (4, 8 and 24 hours after 

infection) by qPCR for copies of early reverse transcription products normalized to 
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copies of albumin (Figure 3.6. Experimental design). As previously described, hBD2 

reduces the infectivity of HIV virions directly8, 10. To control for potential inhibition 

of virus not removed by trypsin and washing, cells were treated with the fusion 

inhibitor, T20, after virus removal, a change from the previous experimental setup 

(Figure 3.2. Experimental design). 

 

 
 

Figure 3.6. Experimental design. 
 

 Early reverse transcription products were not inhibited by hBD2 (blue line) in 

the JKT-FT7 cells which do not express CCR6 compared to infected untreated cells 

(black line) (Figure 3.7.A). However, hBD2 inhibited the accumulation of early 

reverse transcripts (blue line) in the CCR6+ cell line compared to infected untreated 

cells (black line) (Figure 3.7.B). As expected, pre-treatment with AZT inhibited 

reverse transcription (grey line) while treatment after virus removal with T20 (red 

line) did not inhibit replication in the JKT-FT7 cells (Figure 3.7.A) or in the JKT-FT7 

CCR6 GFP cells (Figure 3.7.B). In further support of a CCR6 mediated intracellular 

mechanism of inhibition, treatment with MIP-3α, the cognate ligand for CCR6, 
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inhibited replication in the JKT-FT7 CCR6 GFP cells (Figure 3.7.B) but not in the 

JKT-FT7 cells (Figure 3.7.A). 
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Figure 3.7. CCR6 ligands inhibit the accumulation of early reverse transcription 
products of HIV in CCR6+ cells. 
(A) JKT-FT7 or (B) JKT-FT7 CCR6 GFP cells were infected with Dnase I treated X4 HIVIIIB. After 
virus removal and washing, hBD2 (20 µg/ml) or MIP-3α (5 µg/ml) was added to the tissue culture 
media. Cells were pre-treated with AZT (2.67 µg/ml) as a control. Total cellular DNA was isolated at 
4, 8, and 24 hours, and the presence of early reverse transcription products was determined by real-
time PCR. Readings were performed in triplicate and normalized to copies of albumin. Shown are 
mean number of copies of early reverse transcription products (+ SEM) of three independent 
experiments. 
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Discussion 

 We have previously reported that hBD2 and -3 inhibit both X4 and R5 HIV-1. 

Treating virus with hBD2 decreased infectivity but does not account for all of the 

inhibition, suggesting an alternative mechanism(s). We hypothesized that an 

alternative mechanism occurs post-entry as hBD2 retains its inhibitory activity when 

added up to two hours after infecting cells8. Here we show that hBD2 inhibits X4 and 

R5 HIV-1 after entry and is mediated by the chemokine receptor CCR6. We propose 

that hBD2 inhibits HIV-1 by two distinct mechanisms, one involving virion 

inactivation and a second following viral entry. 

 During the course of infection, new virions are produced and released from 

infected cells. We have previously shown that hBD2 inhibits replication of single-

cycle virus pseudotyped with AMLV envelope. The single-cycle replication assay 

provided two important pieces of evidence regarding the mechanism of inhibition of 

HIV. The inhibition is distinct from virion inactivation and is independent of HIV 

receptor usage. In addition to our findings in PBMC, here we demonstrate that in the 

presence of serum hBD2 does not modulate HIV-1 co-receptor expression on CD4+ T 

cells (Figure 3.1). 

To eliminate the impact of hBD2 inhibition of newly produced virions using 

replication competent HIV-1, we employed a strategy of infecting cells, removing 

unattached virus, and measuring replication by qPCR of reverse transcription 

products at early time points (Figure 3.2. Experimental design). Treatment after entry 

with hBD2 inhibited the formation of early reverse transcription products of both X4 

(IIIB) and R5 (BaL) HIV-1 (Figure 3.3). We observed a more potent inhibition in 
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PBMC infected with R5 tropic HIV which may be attributable to the high level of co-

expression of CCR5 and CCR6 on primary CD4+ T cells (Figure 1.11). The post-

entry inhibition of early reverse transcription products provides further support that 

this mechanism does not involve modulation of the HIV-1 co-receptor CXCR4 

because R5 tropic virus is inhibited and inhibition occurs after virus entry. 

 hBD2 induces chemotaxis in T cells and dendritic cells in a CCR6 dependent 

manner and monocytes in a CCR2 dependent manner11, 170. Therefore, we hypothesize 

that the post-entry mechanism is receptor mediated. CCR6 is expressed on 

approximately 15 to 40% of PBMC and CD4+ T cells and is expressed on greater than 

60% of memory CD4+ T cells and CD4+CCR5+ T cells (Figure 1.11). As previously 

shown, CD4+CCR6+ T cells are more susceptible to infection than CD4+CCR6¯ T 

cells. We evaluated the role of CCR6 using a CD4+ T cell line derived from Jurkat 

cells which were stably transduced to express high levels of CCR6. The parental cells 

JKT-FT7 express CD4 and CXCR4 but do not express CCR2, CCR5 or CCR6 

(Figure 3.4.A). The transduced cells, JKT-FT7 CCR6 GFP, as expected express high 

levels of CCR6 and do not express CCR2 (Figure 3.4.C). The CCR6 expressed on 

these cells is functional as determined by chemotaxis to MIP-3α and hBD2 (Figure 

3.5.A and B). Both hBD2 and MIP-3α inhibited HIV-1 replication when added after 

virus entry only in the cells expressing CCR6 (Figure 3.7). We propose that hBD2 

inhibits HIV-1 by two distinct mechanisms; one involving virion inactivation and a 

second occurring after entry that is CCR6 mediated. 
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Chapter 4: APOBEC3G is Required for the Intracellular 
Mechanism of Inhibition Mediated by hBD2 
 

Introduction 

 In addition to innate and adaptive immunity, hosts have developed intrinsic 

cellular antiviral mechanisms, host restriction factors, which block or limit viral 

replication and/or contribute to species specific barriers. Several of the known host 

restriction factors that target HIV-1 replication are tripartite motif protein 5 alpha 

(TRIM5α), cyclophilin A (CypA), bone marrow stromal cell antigen 2 (BST-2), and 

the apolipoprotein B editing catalytic polypeptide 3G (APOBEC3G). In addition to 

the gag, pol, and env genes, HIV has two virally encoded regulatory genes (tat and 

rev) and four virally encoded accessory genes (vif, vpr, vpu, and nef). These accessory 

genes enhance infectivity and replication through various mechanisms and may have 

evolved to specifically antagonize host restriction factors. 

 TRIM5 contains a tripartite motif consisting of a RING finger, a B-box, and a 

coiled-coil domain. The RING finger domain has E3 ubiquitin ligase activity while 

the B-box and coiled-coil domain are involved in TRIM5 multimerization326, 327. The 

alpha isoform of TRIM5, TRIM5α, is a species specific HIV-1 restriction factor328. 

TRIM5α of rhesus macaques and African green monkeys block HIV-1 replication328. 

At approximately the same time TRIM5α was identified as an HIV-1 restriction 

factor in old world monkeys, the role of cyclophilin A in HIV-1 restriction in non-

human primates was uncovered329. Knockdown of CypA with short hairpin RNAs 

specific for CypA abrogated the anti-HIV-1 activity in owl monkey cells but was not 

restored upon expression of CypA in trans by cDNA resistant to RNA interference 
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which led to the identification of the fusion protein TRIM5α and cyclophilin A 

(TRIM5-CypA). However, human TRIM5α inhibits N-tropic murine leukemia virus 

(N-MLV) and equine infectious anemia virus (EIAV) but not HIV-1330-333. In contrast 

to rhesus macaque and African green monkey CypA, human CypA does not promote 

TRIM5α mediated restriction of HIV-1334. 

 CypA is 164 amino acid, ~18kDa, protein. CypA is a peptidyl-prolyl cis-trans 

isomerase (PPIase) that catalyzes the cis-trans isomerization of peptide bonds N-term 

to proline which accelerates protein folding335, 336. CypA binds the 

immunosuppressive drug cyclosporine A which inhibits the phosphatase 

calcineurin335, 337, 338. Calcineurin is a calcium/calmodulin dependent serine/threonine 

phosphatase that dephosphorylates serine rich regions in the N-terminus of nuclear 

factor of activated T cells, cytoplasmic (NFATc) resulting in a conformational change 

that exposes a nuclear localization signal339, 340. NFATc is a transcription factor that 

translocates to the nucleus after activation and regulates gene transcription341, 342. 

CypA binds the capsid protein of HIV-1 and is incorporated into the virion343, 344. 

Binding places Gly-89 and Pro-90 in the active site of CypA. CypA has the ability to 

catalyze the cis/trans isomerization of the Gly-89-Pro-90 peptide bond inducing a 

conformational change in the capsid protein345. 

The role of CypA in HIV-1 replication is complex both inhibiting and 

promoting HIV-1 in a species dependent manner. CypA of non-human primates 

inhibits HIV-1 replication at an early stage post-entry during reverse transcription and 

integration. In contrast, human CypA promotes HIV-1 replication. It was originally 

hypothesized that incorporation of CypA in the virion was important for HIV-1 
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replication. CypA binds to both the Gag polyprotein and mature CA but with higher 

affinity for the Gag polyprotein343, 346. CypA is incorporated into HIV-1 virions and 

prevention of incorporation with Gag mutants or drugs (cyclosporine A or SDZ 

NIM811, a non-immunosuppressive analog of cyclosporine A) inhibited infectivity 

but not infectivity of SIVMAC239 which does not bind and incorporate CypA via CA344, 

347, 348. However, more recent studies have revealed that CypA in target cells and not 

producer cell CypA is required for infectivity349, 350. 

BST-2 (also referred to as tetherin, CD317, or HM1.24) is an IFNα induced 

Type II integral membrane host cell protein with the N-terminus in the cytoplasm and 

a C-terminus glycosyl-phosphatidylinositol (GPI) anchor351, 352. BST-2 limits the 

release of HIV-1 and other enveloped viruses, including various retroviruses, Lassa 

virus, Marburg virus, and Ebola virus from infected cells351, 353-355. The inhibition of 

virion release by BST-2 is thought to involve incorporation of either the N or C-

terminus of BST-2 into the viral membrane while the other remains in the cellular 

membrane thereby restricting the release of the viral particle351. The HIV-1 protein 

Vpu antagonizes BST-2 resulting in enhanced virion release351, 356. The mechanism 

by which Vpu inhibits BST-2 is thought to involve an interaction between the 

transmembrane domains of BST-2 and Vpu resulting in down regulation of surface 

expression, intracellular sequestration, or degradation of BST-2351, 357-362. BST-2 

limits the release of HIV-1 virions from infected cells inhibiting cell-free 

transmission; however, evidence suggests BST-2 also impairs cell-to-cell spread of 

infection. The virions trapped at the surface by BST-2 form large aggregates that are 

impaired in their fusion capacities363. 
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Virion infectivity factor (Vif) is a 192 amino acid, highly basic, 23 kDa 

phosphoprotein364, 365. The Vif protein is required for viral replication in primary 

CD4+ T cells and macrophages as well as specific T cell lines such as CEM cells. 

However, Vif is dispensable for viral replication in other T cell lines including CEM-

SS and SupT1 cells. Cells requiring Vif have been termed non-permissive while cells 

not requiring Vif, permissive. In the absence of Vif, virus produced in non-permissive 

cells is poorly infectious while virus produced in permissive cells is infectious to both 

permissive and non-permissive cells364, 366-368. These findings combined with the 

observations that virus produced from heterokaryon fusion experiments between 

permissive and nonpermissive cells were non-infectious suggested the existence of 

dominantly acting antiviral factor(s) that Vif neutralizes369, 370. In 2002, Sheehy et al. 

identified APOBEC3G (initially CEM15) as the host antiviral factor produced by 

non-permissive cells that is suppressed by Vif371. 

APOBEC3G is a 384 amino acid, 46 kDa protein belonging to the 

apolipoprotein B editing catalytic polypeptide (APOBEC) family of cytidine 

deaminases. This family of cytidine deaminases share a conserved zinc binding motif 

His-X-Glu-X23–28-Pro-Cys-X2–4-Cys that is involved in the hydrolytic deamination at 

the C4 position of the C (or dC) base, converting C to U (or dC to dU)372. There are 

11 APOBEC family members in humans that include APOBEC1, the activation 

induced cytidine deaminase (AICD), APOBEC2, APOBEC3A, -3B, -3C, -3DE, -3F, -

3G, -3H, and APOBEC4. A schematic representation of the human APOBEC genes 

that depicts chromosomal location, consensus cytosine deamination motif, single 
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versus double deaminase domain, and a model of APBOEC mediated deamination is 

shown in Figure 4.1. 

 

Reprinted by permission from Macmillan Publishers Ltd (License #2642311003075): Harris et al., 
Nature Reviews, Vol.4, November 2004. 
 
Figure 4.1. The human APOBECs.  
(a) A schematic of the human APOBEC genes that depicts their relative chromosomal locations. 
Activation-induced deaminase (AICD) and APOBEC1 (A1) are separated on chromosome 12 by 
nearly 1 megabase. Single- and double-deaminase-domain proteins are indicated by green and red, 
respectively. (b) A schematic of the domain organization of the human APOBEC proteins, which 
considers the single- and the double-deaminase-domain proteins separately. The consensus cytosine-
deamination motif is indicated above the protein. (c) A possible mechanism for APOBEC-dependent 
cytosine deamination. This model is based on the deamination mechanisms that were predicted from 
structural studies of the bacterial and yeast cytidine deaminases. First, the cysteine (Cys) and histidine 
(His) residues of the active site coordinate a single zinc ion (Zn2+); an incoming water molecule (H2O) 
is shown. Second, a hydroxide ion (OH–) is produced when water reacts with glutamic acid (Glu) and 
zinc. Only the zinc ion and the side chain of the catalytic glutamic acid are illustrated beyond this step. 
Third, glutamic acid protonates N3 of the cytosine pyrimidine ring, which destabilizes the N3–C4 
double bond and renders C4 susceptible to attack by the hydroxide ion. Fourth, this results in the 
formation of a tetrahedral (transition state) intermediate, as the proton (H+) of the water molecule is 
sequestered by glutamic acid. Fifth, the amino group (NH2) receives this proton in a reaction that 
causes cleavage of the C–N bond and formation of a C4–O double bond. Sixth, uracil and ammonia 
(NH3 ) are released from the active site. 
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APOBEC1 is primarily expressed in gastrointestinal tissue and plays a role in 

lipid metabolism373. APOBEC1 is a main component in the RNA editing complex 

that deaminates the apolipoprotein B mRNA at cytosine-6666 converting a glutamine 

to a premature stop codon resulting in the expression of a truncated form of the 

ApoB100 protein, ApoB48373-375. ApoB100, synthesized in the liver, mediates the 

transport of endogenously produced cholesterol and triglycerides, while the truncated 

apoB48, synthesized in the small intestine, mediates the absorption and transport of 

exogenous dietary lipids374, 375. AICD is expressed in germinal center B cells and 

plays a key role in immunoglobulin gene diversity through its role in class switch 

recombination and somatic hypermutation376, 377.  APOBEC2 is found in skeletal and 

cardiac muscle while APOBEC4 is expressed in the testis, however the physiological 

functions of APOBEC2 and APOBEC4 have not yet been identified378-380. 

The APOBEC3 family of proteins is further classified based on the number of 

catalytic sites. APOBEC3A, APOBEC3C and APOBEC3H contain a single catalytic 

site whereas APOBEC3B, APOBEC3DE, APOBEC3F, and APOBEC3G contain two 

catalytic sites (Figure 4.1). Each of the APOBEC3 proteins containing two catalytic 

sites exhibit anti-HIV-1 properties in Δvif strains with APOBEC3G exhibiting the 

most potent inhibition371, 381-383. APOBEC3B inhibits both wild type and Δvif HIV382, 

384, 385. Limited anti-Δvif HIV activity has also been reported for APOBEC3C386. 

APOBEC3A may contribute to HIV-1 resistance observed in circulating CD4+CCR5+ 

monocytes compared to susceptible macrophages. Monocytes express high levels of 

both APOBEC3G and APOBEC3A and both decline during differentiation to 

macrophages. Silencing of either APOBEC3G or APOBEC3A converts resistant 
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monocytes into susceptible populations387. The role of APOBEC3A needs to be 

further explored in monocytes as expression may be coordinately regulated with that 

of APOBEC3G and/or APOBEC3A interacts in a complex with APOBEC3G. 

APOBEC3G is expressed in the cytoplasm of T cells, monocytes, 

macrophages, dendritic cells, astrocytes, brain microvascular endothelial cells, post-

mitotically differentiated neurons, lung, liver, heart, kidney, spleen, tonsil, thymus, 

bone marrow, small intestine, colon, keratinocytes, mammary epithelial cells, testes, 

ovaries, and uterus319, 371, 388-396. APOBEC3G exists in two forms, a low molecular 

mass (LMM – 46 to 100 kDa) and a high molecular mass (HMM – 5 to 15 Mda) 

form. APOBEC3G assembles into HMM ribonucleoprotein complexes containing 

approximately 100 different proteins319, 397. The HMM APOBEC3G complexes 

contain RNA binding proteins, ribosomal subunits, translation machinery, helicases, 

and scaffold proteins that are found in Staufen-containing RNA granules, stress 

granules, RNA processing bodies, and Ro RNPs397-400. The assembly into the HMM 

complexes is thought to be RNA dependent as HMM APOBEC3G can be converted 

to the LMM form by treatment with Rnase A319. Short interspersed nucleotide 

elements (SINE) are non-autonomously replicating endogenous retroelements that 

require the ORF2p of long interspersed nucleotide elements 1 (LINE-1) for 

replication. Alu, the most prominent SINE comprising approximately 11% of the 

human genome, and hY RNAs are selectively recruited and enriched in HMM 

APOBEC3G complexes319, 401. Therefore, the natural function of APOBEC3G may be 

to recruit SINE RNA into the HMM complexes resulting in the inhibition of 

replication by sequestration or degradation of the RNAs397. Further, APOBEC3A and 



 

 76 
 

APOBEC3B have the capacity to enter the nucleus and inhibit both LINE-1 and Alu 

retrotransposition402. 

The LMM form is enzymatically active while the HMM form is enzymatically 

inactive319, 403. In the absence of Vif, LMM APOBEC3G is packaged into virions 

while HMM APOBEC3G is not incorporated into virions404. These results led to the 

finding that the virion incorporated LMM APOBEC3G assembles into large RNA-

protein complexes that are distinct from cellular HMM APOBEC3G. Similar to 

cellular HMM APOBEC3G, the intravirion APOBEC3G is enzymatically inactive 

and requires activation by the viral Rnase H for activation404. There is disagreement 

regarding the packaging of newly synthesized versus existing cellular pools of 

APOBEC3G into virions. Goila-Gaur et al. provide evidence that both “new” and 

“old” APOBEC3G are equally packaged into Vif-deficient HIV-1. “New” 

APOBEC3G is defined as transiently transfected while “old” APOBEC3G is from 

stably transformed cells405. However, it should be noted that “old” and “new” cannot 

be correlated with HMM and LMM APOBEC3G, respectively, because the cells 

stably expressing APOBEC3G had both forms present405. Further, these cells 

continually synthesize APOBEC3G and therefore to distinguish between “new” and 

“old” APOBEC3G, inhibitors, siRNA, or labeling is required. In contrast, Soros et al. 

found that transient transfection of APOBEC3G was rapidly recruited into HMM 

complexes and by pulse-chase radiolabeling the newly synthesized HMM 

APOBEC3G was not incorporated404. These findings are likely not an artifact of 

transfection of APOBEC3G plasmid and Vif-deficient virus into cells as APOBEC3G 
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is not packaged into virus from activated primary CD4+ T cells infected with Vif-

deficient virus404. 

The LMM form predominates in resting CD4+ T cells and monocytes while 

the HMM form predominates in activated CD4+ T cells, macrophages, and immature 

dendritic cells319, 391. Mature dendritic cells express both the LMM and HMM form of 

APOBEC3G391. In contrast to circulating resting CD4+ T cells, the HMM form of 

APOBEC3G predominates in resting CD4+ T cells of the lymphoid compartment 

likely due to the local microenvironment406. In cells where the HMM form is present, 

it is estimated that newly synthesized APOBEC3G is rapidly recruited into HMM 

ribonucleoprotein complexes within 30 minutes404. 

APOBEC3G is inducible in resting CD14– PBLs upon stimulation with PMA, 

PHA, IL-2, IL-7, and IL-15. Cytokine induction of APOBEC3G promotes a shift 

from LMM to HMM APOBEC3G in resting cells391. In contrast, Chen et al. report 

that IFNα induces expression of APOBEC3G in resting CD4+ T cells with the 

predominant form being the LMM form407. In activated CD4+ T cells treated with 

IFNα, the predominant form is also the LMM form however there is a significant 

reduction in the overall concentration of APOBEC3G407. However, Stopak et al. and 

Koning et al. both demonstrate that INFα induces APOBEC3G expression in 

macrophages but not in CD4+ T cell391, 408. Consistently with these findings, IFNα 

does not activate the APOBEC3G promoter in the T cell line, A3.01409. IFNα induces 

APOBEC3G, APOBEC3F and to a lesser extent APOBEC3A and APOBEC3C 

expression in plasmacytoid dendritic cells410. APOBEC3G and APOBEC3F are 

thought to be coordinately expressed as the genes are adjacent to one another on 
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chromosome 22 and share more than 90% identity in their promoter regions383. In 

addition to cytokines and chemokines, APOBEC3G expression can be induced by co-

stimulatory molecules and heat shock proteins in CD4+ T cells and DCs. Heat shock 

protein (HSP) 70 can induce APOBEC3G mRNA and protein through CCR5 and 

CD40. Further, the CCR5 ligand, MIP-1α (CCL3), and CD40 ligand (CD40L) also 

induced APOBEC3G mRNA and protein411.  

APOBEC3G inhibits HIV-1 by multiple mechanisms involving deamination 

and deamination independent mechanisms. In the absence of Vif, APOBEC3G is 

packaged into the HIV-1 virion. Incorporation into the virion involves an interaction 

with the RNA-recruiting nucleocapsid region of the HIV-1 Gag polyprotein, viral 

RNA, and the N-terminal cytidine deamination domain of APOBEC3G412-414. After 

entry in a new target cell, the C-terminal cytidine deamination domain of 

APOBEC3G catalyzes extensive deamination of dC to dU of the nascent minus-

strand viral DNA during reverse transcription resulting in a G to A mutation in the 

plus-strand DNA of the provirus415-417. Therefore the two cytidine deamination 

domains of APOBEC3G have complementary roles. The N-terminal cytidine 

deamination domain of APOBEC3G is required for packaging of APOBEC3G and 

binding viral RNA418. The C-terminal cytidine deamination domain mediates cytidine 

deaminase activity and dictates the dinucleotide specificity419-421. 
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Reprinted by permission from Bentham Science Publishers: Baumann. Current HIV Research, 4, pp. 
141-168, 2006. 
 
Figure 4.2. APOBEC3G functional domains. 
APOBEC3G contains two catalytic centers and linker peptides when its sequence is compared to the 
prototypic family members APOBEC1 and AID. The two catalytic centers (aa 65-100 and 257-291) 
are shown in dark grey, the linker peptides (aa 121-161 and 312-347) are in light grey, and the right 
hatched area indicates a region (aa 104-156) presumed to be necessary for APOBEC3G packaging into 
virions. The region thought to be involved in Vif-binding (aa 54-124) is shown by vertical bars. Below 
the grey boxes are the sequence motifs of the Zn2+-coordinating catalytic centers, which have the 
consensus sequence for cytidine deaminases. Asterisks denote amino acids inside the catalytic centers 
that, when mutated, have a severe impact on or cause a complete loss of antiviral function (LOF, 
positions 67, 81, 97, 100, 257, 259, 288, 291). Positions 70, 91, 262, and 282 contain aromatic amino 
acids presumed to be necessary for binding to nucleic acids. The horizontal black lines span regions 
that appear to be necessary for dimerization, and the boxed amino acid position 128 is responsible for 
determining the species specificity of APOBEC3G interaction with primate lentiviral Vif proteins. 

 

APOBEC3G preferentially deaminates the 3'dC in the context of 5'-CC (target 

deoxycytidine bold underlined) on the minus single strand viral DNA. The resulting 

uracil leads to the incorporation of an adenine in the minus strand which manifest in a 

5'-GG to AG mutation in the plus strand415-417. APOBEC3F preferentially deaminates 

the 3'dC in the context of 5'-TC (target deoxycytidine bold underlined). The resulting 

uracil leads to the incorporation of an adenine in the minus strand which manifest in a 

5'-GA to AA mutation in the plus strand383, 384. The extensive deamination or 

hypermutation results in mutation of 4 to 31% of all G’s present in the viral genome 

leading to the introduction of stop codons and/or mutated viral proteins resulting in 
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abortive replication417, 422. APOBEC3G hypermutations in the genome are 

distinguished from reverse transcriptase errors based on the context of the mutation, 

plus strand G to A mutations. The encapsidation of as few as 7 ± 4 molecules of 

APOBEC3G into HIV-ΔVif virions is sufficient to inhibit HIV-1 replication during 

the next round of infection423. Additionally, cytidine deamination may lead to 

degradation of the minus-stranded DNA due to the actions of uracil DNA glycosylase 

(UNG) and the apurinic-apyrimidinic endonuclease (APE1/2)424, 425. 

In addition to deamination, enzymatically inactive APOBEC3G mutants still 

retain anti-HIV-1 properties419, 426, 427. The deamination independent mechanism of 

inhibition is reported to occur at multiple steps during viral replication. APOBEC3G 

reduces tRNAlys3 annealing to viral RNA which inhibits tRNA primed initiation of 

reverse transcription428. APOBEC3G has also been reported to inhibit plus strand 

DNA transfer, integration, and DNA elongation without inhibiting t-RNA priming428-

432. The mechanism of inhibition of DNA elongation is likely attributable to a 

physical impediment of the reverse transcriptase rather than inhibition of the 

biosynthetic capabilities of the enzyme itself429. In addition to the lack of a consensus 

regarding the mechanism of inhibition, the inhibition by APOBEC3G deaminase 

mutants has been attributed to the overexpression of the mutants and the inhibition is 

eliminated at lower/endogenous levels433, 434. However, it is difficult to bifurcate the 

enzymatic versus non-enzymatic activities of APOBEC3G. The evidence for 

deaminase independent inhibition was primarily obtained in SupT1 cells (human T-

cell line) and cell-free systems. In contrast, the majority of evidence suggesting the 

requirement of enzymatic activity were performed using transient transfection of 
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mutant and wild type APOBEC3G and the infection of HeLa and HEK cells (non-T 

cell lines). The differences observed may be attributable to the cell type utilized. Vif-

deficient HIV-1 infection of PBMC or H9 cells (human T-cell line) does not result in 

productive infection. The G to A mutation rates are higher in H9 cells compared to 

PBMC, 38% of the env clones from PBMC did not harbor any G to A mutations 

whereas only 3% of the env clones from H9 cells lacked any G to A mutations. These 

results suggest that enzymatic independent effects of inhibition are greater in PBMC 

than the H9 cell line435. Further, the APOBEC3G mutants display diminished 

capacity to interfere with reverse transcription which makes comparison difficult436. 

To counteract APOBEC3 proteins, HIV-1 produces the protein Vif which is 

conserved in lentiviruses. Vif is synthesized late in the virus life cycle and 10 to 100 

molecules can be packaged within the virion437-439. The proposed mechanism of 

inhibition by APOBEC3G involves its packaging into Vif-deficient HIV-1 causing 

hypermutation of the proviral DNA in the newly infected cells which results in the 

production of non-infectious virus. In the presence of Vif, APOBEC3G is excluded 

from incorporation in the virion440. Exclusion of APOBEC3G from the virion could 

be achieved by depletion of APOBEC3G or inhibition of packaging in the absence of 

degradation440-444. The prevailing mechanism involves depleting intracellular stores of 

APOBEC3G by targeting APOBEC3G for degradation441, 444, 445. 

Vif promotes degradation of APOBEC3G through the recruitment of an active 

E3 ubiquitin ligase complex. The C-terminal region of Vif contains a BC box motif 

(Ser144/Leu145/Gln146), similar to the BC box of the suppressor of cytokine 

signaling proteins that bind to Elongin C444, 445. Second, a novel zinc-binding motif in 
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Vif with the consensus sequence HCCH (Cys114/Cys133) binds to Cullin 5, the core 

subunits of a Cullin5-based E3 ligase445, 446. Therefore, Vif acts as an adapter 

recruiting the active E3 ubiquitin ligase comprised of Elongin B, Elongin C, Cullin5, 

Nedd8, and Rbx1 resulting in polyubiquitination of APOBEC3G targeting it to the 26 

S proteasome for degradation441, 442, 444-447. APOBEC3DE and APOBEC3F are also 

susceptible to HIV-1 Vif mediated degradation, while APOBEC3B is resistant382. 

HIV-1 may not have been under selective pressure to neutralize APOBEC3B as it is 

not expressed or has limited expression in lymphocytes382. A schematic 

representation of the HIV-1 Vif gene depicting domains involved in interactions with 

viral and cellular factors is shown in Figure 4.2. 

 

 

Reprinted by permission from Macmillan Publishers Ltd (License #2642321149595): Henriet et al., 
Microbiology and Biology Reviews, Vol. 73, No. 2, June 2009. 
 
Figure 4.2. Schematic representation of HIV-1 Vif. 
HIV-1 Vif domains required for interactions with viral and cellular molecules. The N-
terminal region of Vif is green, the central zinc binding domain is orange, and the C-terminal 
region is red, turquoise, and blue. 
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In addition to direct polyubiquitination, lysine free APOBEC3G is still subject 

to proteasomal degradation requiring Vif polyubiquitination448. Vif has a short half-

life, ~ 30 minutes, and is degraded by cellular proteasomes449, 450. Polyubiquitination 

of Vif in the absence polyubiquitination of APOBEC3G could lead to the degradation 

of the entire complex448. Therefore, APOBEC3G may be targeted for degradation by 

direct polyubiquitination, polyubiquitination of Vif, or a combination of both. Vif is 

also reported to reduce APOBEC3G translation suggesting that intracellular stores of 

APOBEC3G may be depleted by both translational and post-translational 

mechanisms443. 

Prevention of APOBEC3G incorporation into HIV-1 virions can also be 

achieved by the sequestration of APOBEC3G or the direct inhibition of packaging in 

the absence of degradation. Vif induces the formation of HMM APOBEC3G 

complexes in vitro as well as in transfected HeLa cells451. These results suggest that 

Vif can induce LMM APOBEC3G to be recruited into the HMM form of 

APOBEC3G thereby sequestering APOBEC3G in a packaging incompetent form404. 

Interestingly, APOBEC3G mRNA is enriched in HMM complexes which may 

explain the Vif mediated translational repression previously described397, 443. 

Vif is packaged into virions as part of the reverse transcription complex, large 

nucleoprotein complex containing the viral proteins MA, NC, IN, Vpr, PR, and RT. 

This interaction involves binding HIV-1 viral genomic RNA, preferentially 5' 

genomic HIV-1 RNA. Despite many positively charged residues, the C-terminal only 

weakly contributes to RNA binding452. The N-terminal residues W11, Y30, and Y40 

of Vif are important for RNA binding. Amino acids 75 to 114 are also critical for 
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RNA-mediated packaging453. Within the reverse transcription complex, Vif may 

functionally serve as an accessory protein that promotes reverse transcription452, 454, 

455. Similar to Vif, APOBEC3G also requires viral genomic RNA for packaging456, 

457. Khan and Strebel et al. have proposed a model where Vif inhibits APOBEC3G 

packaging through competitive binding to a common packaging signal458. 

Based on our findings that hBD2 inhibits both R5 and X4 HIV-1 replication 

after entry and the inhibition is mediated by CCR6, we hypothesized that the 

inhibition could be mediated by the induction of a host restriction factor. Several host 

restriction factors known to inhibit HIV-1 include TRIM5α, BST-2, and APOBEC3G. 

Human TRIM5α does not efficiently inhibit HIV-1328. BST-2 inhibits virion release 

which is not consistent with our findings that the post-entry inhibition by hBD2 

occurs prior to or during reverse transcription351. Therefore we initially focused on 

APOBEC3G based on its ability to inhibit HIV-1 reverse transcription428-431. 
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Results 

Human Beta Defensin 2 upregulates APOBEC3G expression 

 Our results suggest that the intracellular CCR6 mediated anti-HIV response 

occurs prior to or during early reverse transcription. APOBEC3G inhibits the 

accumulation of early reverse transcription products in the absence of hypermutation, 

likely by inhibition of nascent viral cDNA elongation426, 432. Therefore, we next 

investigated if the CCR6 ligands hBD2, hBD3, and MIP-3α induce the expression of 

APOBEC3G. PBMC or CD4+ T cells were treated with hBD2 (20 μg/ml), hBD3 (20 

μg/ml) or MIP-3α (5 μg/ml) and lysates were prepared at 0, 4, 8 and 24 hours. Equal 

amounts of total protein were subjected to SDS-PAGE and immunoblotting with anti-

human APOBEC3G antibodies. Treatment of both unstimulated PBMC or CD4+ T 

cells with hBD2 increased APOBEC3G expression (Figure 4.3.A and Figure 4.3.B). 

Further, treatment of PHA-activated PBMC and PHA-activated CD4+ T cells with 

hBD2, hBD3 or MIP-3α enhanced APOBEC3G expression (Figure 4.3.A and Figure 

4.3.B). The induction of APOBEC3G by CCR6 ligands was specific as post-

activation maintenance in IL-2 (10 ng/ml) as well as treatment with HNP-1 did not 

increase APOBEC3G expression in PBMC (Figure 4.3.A) or in CD4+ T cells (Figure 

4.3.B). Further, CD4+ T cells treated with hBD2 that was immunodepleted with anti-

hBD2 did not induce expression of APOBEC3G (Figure 4.4.C). Unexpectedly, 

immunodepletion with the isotype control IgG antibody resulted in abrogation of the 

induction of APOBEC3G (Figure 4.3.C). To determine if the lack of induction of 

APOBEC3G was attributable to non-specific binding of the isotype control IgG 
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antibody to hBD2 an ELISA was performed. The concentration of hBD2 after 

immunodepletion with the isotype control IgG was 1.2745 µg/ml which suggests that 

the antibody non-specifically bound to the hBD2. Immunoblotting with anti-β-actin 

antibodies confirmed comparable protein loading. 

 
A 

 
B 

C 

 
 
Figure 4.3. Induction of APOBEC3G by CCR6 ligands. 
Unstimulated or activated (A) PBMCs and (B) CD4+ T cells treated with hBD2 (20 µg/ml), hBD3 (20 
µg/ml), MIP-3α (5 µg/ml), or HNP-1 (5 µg/ml). (C) PHA-activated CD4+ T cells were untreated, 
treated with hBD2 (20 µg/ml), or hBD2 immunodepleted with anti-hBD2 or anti-IgG control. 
APOBEC3G and β-actin were detected at the indicated time points by Western blotting. 
 
 
 CD4+ T cells were treated with increasing concentrations of hBD2 (0.2, 2.0, or 

20.0 μg/ml) and lysates were prepared at 4 and 8 hours. Equal amounts of total 

protein were subjected to SDS-PAGE and immunoblotting with anti-APOBEC3G 

antibodies. At the highest concentration tested, 20 μg/ml, hBD2 induced the 
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expression of APOBEC3G at both 4 and 8 hours (Figure 4.4.A). Induction of 

APOBEC3G is dose dependent at 4 and 8 hours (Figure 4.4.B). 

 
A  

 

B  

 
 
Figure 4.4. Dose dependent induction of APOBEC3G. 
Activated CD4+ T cells (A) treated with or without hBD2 (20.0 µg/ml) for 4, 8, and 24 hours. (B) 
Activated CD4+ T cells were treated with or without 0.2, 2.0, or 20.0 µg/ml of hBD2. APOBEC3G and 
β-actin were detected at the indicated time points by Western blotting. 
 

APOBEC3G induction is mediated by CCR6 

Having demonstrated that the intracellular inhibition of HIV by hBD2 and 

MIP-3α is mediated by CCR6 and both hBD2 and MIP-3α induce APOBEC3G, we 

assessed if CCR6 is required for the induction of APOBEC3G. JKT-FT7 and JKT-

FT7 CCR6 GFP cells were treated with or without hBD2 or MIP-3α. Lysate was 

prepared at 8 hours and equal amounts of total protein were subjected to SDS-PAGE 

and immunoblotting with anti-APOBEC3G antibodies. Treatment with hBD2 or MIP-

3α increased expression of APOBEC3G in JKT-FT7 CCR6 GFP cells but not in JKT-

FT7 cells that do not express CCR6 (Figure 4.5). Immunoblotting with anti-β-actin 

antibodies confirmed comparable protein loading. 
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Figure 4.5. Induction of APOBEC3G is mediated by CCR6. 
JKT-FT7 and JKT-FT7 CCR6 GFP cells treated with hBD2 (20 µg/ml) or MIP-3α (5 µg/ml). 
APOBEC3G and β-actin were detected by Western blotting. 
 

Human Beta Defensin 2 inhibition requires the induction of APOBEC3G 

 
We next investigated if the CCR6 mediated induction of APOBEC3G is the 

primary intracellular mechanism of inhibition. CD4+ T cells were transfected with 

APOBEC3G specific or mutant siRNA. The CD4+ T cells were then PHA-activated 

and infected with HIV-1IIIB. After virus removal, cells were treated with hBD2 (20 

µg/ml) and infections were measured at 4, 8, and 24 hours after the addition of hBD2 

by quantitative PCR for copies of early reverse transcription products (Figure 4.6 

Experimental design). 
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Figure 4.6. Experimental design. 
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CD4+ T cells transfected with APOBEC3G specific, but not mutant, siRNA 

reduced APOBEC3G RNA expression (Figure 4.7.A) and APOBEC3G protein 

expression (Figure 4.7.B). Knockdown of APOBEC3G prior to infection with HIV-

1IIIB (X4 tropic) enhanced infection and resulted in a shift in kinetics with peak early 

reverse transcript synthesis occurring at 4 hours compared to 8 hours post-infection in 

mock transfected or mutant APOBEC3G siRNA transfected CD4+ T cells (Figure 

4.8.A and B). The knockdown of APOBEC3G in CD4+ T cells prior to infection 

abrogated the inhibition by hBD2 while transfection with mutant APOBEC3G siRNA 

did not abrogate the post-entry inhibition by hBD2 (Figure 4.8.A and B). These 

findings suggest that the primary post-entry intracellular mechanism of inhibition by 

hBD2 is mediated by the induction of APOBEC3G. No significant difference in 

cellular metabolism was observed among the mock and siRNA transfected cells as 

determined by MTS assays (Figure 4.7.C). 
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Figure 4.7. siRNA mediated knockdown of APOBEC3G. 
siRNA knockdown of APOBEC3G in CD4+ T cells (A) APOBEC3G mRNA (B) APOBEC3G protein 
expression. (C) Effect of siRNA on cell metabolism. Transfected CD4+ T cells were tested using the 
MTS assay, which measures conversion of MTS tetrazolium into formazan by cellular dehydrogenase 
enzymes in metabolically active cells. Absorbance readings at 490 nm were performed in triplicate. 
Shown are averages of three independent experiments (+ SEM). 
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Figure 4.8. Intracellular inhibition of HIV by hBD2 is mediated by the induction 
of APOBEC3G. 
(A) CD4+ T cells transfected with APOBEC3G-specific siRNA or mutant APOBEC3G siRNA were 
infected with X4  HIVIIIB. After virus removal and washing, hBD2 (20 µg/ml) was added to the tissue 
culture media. Total cellular cDNA was isolated at the indicated time points, and the presence of early 
reverse transcription products was determined by real-time PCR. (B) Percent inhibition was 
determined as a percentage of the number of copies of early reverse transcription products in infected 
treated cells in reference to copies measured in untreated control infections. Shown are mean number 
of copies and percentage of inhibition (+ SEMs) of 4 independent experiments that used cells from 
different donors. 

 

Low molecular mass versus high molecular mass APOBEC3G. 

 The form of APOBEC3G induced by hBD2 was determined using size 

exclusion chromatography. As expected, LMM APOBEC3G predominates in 

unstimulated CD4+ T cells while HMM APOBEC3G predominates in PHA 
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stimulated CD4+ T cells. Both the LMM and HMM forms of APOBEC3G exist in 

hBD2 treated CD4+ T cells that were PHA stimulated (Figure 4.9). 

 

 
 
Figure 4.9. Effect of hBD2 upon APOBEC3G form. 
CD4+ T cells were treated with PHA (2.5 µg/ml) and IL-2 (10 ng/ml) for 48 hours and treated with or 
without hBD2 (20 µg/ml) for 8hrs. Cell lysates were loaded on a gel-exclusion column for FPLC 
analysis. Twenty-four 1-ml fractions were collected. Eluted fractions were subjected to SDS-PAGE, 
followed by an immunoblotting assay with anti-APOBEC3G antibody. 
 

Donor 1

Donor 2

Fraction

118 12 13 14 15 16 17 18 19 20 219 10

Activated

Activated + hBD2

Unstimulated

Activated

Activated + hBD2

Unstimulated

669 kDa 66 kDa 29 kDa
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Discussion 

 One mechanism of inhibition by hBD2 occurs after entry during or before 

reverse transcription and requires CCR6. The host restriction factor APOBEC3G 

inhibits HIV-1 replication during reverse transcription429-432. In addition to cytokines, 

the chemokine MIP-1α induces the expression of APOBEC3G via the chemokine 

receptor CCR5411. Therefore, we evaluated if hBD2 induces the expression of 

APOBEC3G. In both resting and PHA stimulated PBMC and CD4+ T cells, hBD2 

increased the expression of APOBEC3G. APOBEC3G was also induced by MIP-3α 

and hBD3 and induction by hBD2 was limited to CCR6+ cells. The induction of 

APOBEC3G by hBD2 was required for the inhibition of HIV-1 and both LMM and 

HMM APOBEC3G are present in hBD2 treated PHA stimulated CD4+ T cells. In the 

presence of Vif, APOBEC3G is excluded from virions440. Both HIV-1IIIB and HIV-

1BaL are Vif positive. Taken together, these results demonstrate that the post-entry 

inhibition occurs at early timepoints, requires the induction of APOBEC3G, and this 

induction inhibits Vif positive virus. 

Although controversial, several lines of evidence suggest that cellular 

APOBEC3G has anti-HIV-1 activity and this occurs in the presence of Vif. First, 

endogenous levels of APOBEC3G influence HIV-1 replication. T helper type 1 (Th1) 

CD4+ T cells express higher levels of APOBEC3G and APOBEC3F mRNA 

compared to Th2 cells459. The higher levels of APOBEC3G mRNA correlated with 

increased APOBEC3G protein in Th1 cells compared to Th2 cells. Both Vif-deficient 

and Vif-positive HIV-1 produced from Th1 cells displayed decreased infectivity 

compared to Vif-deficient HIV-1 produced from Th2 cells459. Reducing APOBEC3G 
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expression in Th1 with anti-IFNγ treatment resulted in an increase in infectivity of 

Vif-deficient HIV-1. Increasing APOBEC3G in Th2 cells by transduction with a 

lentiviral vector expressing APOBEC3G decreased infectivity of Vif-deficient HIV-

1459. The Th1 phenotype is corroborated by the previously reported findings that 

increasing APOBEC3G expression levels causes a threefold reduction in the 

replication of Vif-positive HIV-1440. Other in vitro overexpression results have seen 

modest and/or delayed replication kinetics371, 415, 416, 460. These results suggest that 

alterations of cellular APOBEC3G levels can inhibit Vif-positive HIV-1. 

Second, APOBEC3G resides in a LMM form in resting CD4+ T cells which 

are relatively resistant to HIV-1 infection. Upon stimulation with mitogens, the LMM 

APOBEC3G is recruited into HMM ribonucleoprotein complexes (>500kDa) which 

correlates with an increase in HIV-1 permissiveness. Therefore it was hypothesized 

that cellular APOBEC3G restricts HIV-1 infection in resting CD4+ T cells319. The 

claim that the block in replication in resting CD4+ T cells is attributable to cellular 

APOBEC3G was refuted by two independent groups resulting in the retraction of the 

claim in July 2010461, 462. Although cellular LMM APOBEC3G is not solely 

responsible for restriction in resting CD4+ T cells, cellular APOBEC3G likely 

contributes to restriction of Vif-positive HIV-1. Cytoplasmic APOBEC3G 

significantly inhibits the formation of early and late reverse transcription products in 

activated Th1 cells compared to Th2 cells in Vif-positive virus lacking packaged 

APOBEC3G463. Cytoplasmic APOBEC3G of activated Th1 cells also increased the 

amount of 2-LTR products, a marker of abortive integration events, and decreased 

integration compared to activated Th2 cells463. Decreasing APOBEC3G expression in 
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Th1 cells increased early and late reverse transcripts, increased integration, and 

decreased 2-LTR formation. Increasing APOBEC3G expression in Th2 cells 

decreased early and late reverse transcripts, decreased integration, and increased the 

formation of 2-LTR products463.  

Third, prior to the discovery of APOBEC3G, G to A hypermutation of HIV-1 

proviral DNA was identified in vivo; however a correlation between hypermutation 

and clinical indicators remains unclear464. Pace et al. found a significant correlation 

between hypermutation and lower pre-treatment viral loads (0.7 log10/ml)465. 

Vasquez-Perez et al. also found a correlation between higher levels of hypermutation 

and low viral loads466. Hypermutation has also been correlated with higher levels of 

CD4+ T cells (~150 to 200 cells/mm3)467. Further, plasma virus lacks detectable 

hypermutation suggesting that the introduction of premature stop codons or lethal 

mutations inhibits the production of virions467, 468. Conversely, two studies found no 

correlation between hypermutation and viremia469, 470. Moreover, no correlation was 

found between hypermutation and CD4+ cell counts or the frequency of hypermutated 

proviral genomes in elite suppressors, HIV-1-infected individuals who maintain viral 

loads below 50 copies/ml without antiretroviral therapy, compared to patients on 

highly active antiretroviral therapy469, 471. Numerous factors may contribute to the 

differences observed in data attempting to correlate hypermutation with clinical 

parameters. The methodological approach in defining hypermutation and the 

sequencing approach both impact the sensitivity of hypermutation detection. 

Population sequencing results in hypermutation detection in ~10% of HIV+ 

individuals. This suggests that the positive sequences are extensively hypermutated 
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and may require large sample sizes to observe a difference. This may explain why 

Ulenga et al. (n=29) did not observe a correlation between hypermutation and 

viremia470. In contrast, examining many independent sequences from each individual 

increases sensitivity; hypermutated sequences are detected in 43 to 100% of HIV 

infected indivuals468, 469, 471, 472. Further, proviral hypermutated sequences may not 

provide the best metric because they may not persist as a result of degradation or 

impaired integration which suggests hypermutation detection may also be influenced 

by the stage of disease. For example, higher levels of both APOBEC3G and 

APOBEC3F mRNA are associated with lower a viral set point therefore APOBEC3 

proteins may be contributing host factors in determining HIV-1 pathogenesis473. 

Additionally, hypermutation does not account for APOBEC3G enzymatic 

independent inhibition or genetic factors including APOBEC3G polymorphisms that 

contribute to resistance or disease progression.  

The human APOBEC3G gene is located on 22q13.1-13.2 and has eight exons 

and seven introns. Forty-two polymorphisms have been identified, 29 with allele 

frequencies greater than 1%. However, the majority of findings do not find a 

significant influence of APOBEC3G polymorphisms on disease status474, 475. An 

exception to these findings is the H186 polymorphism, a codon changing variant in 

exon 4 located in the leucine-rich region which may be involved in protein-protein 

interactions. In two cohorts, comprised of African Americans and South African 

women, the H186R polymorphism was associated with higher viral loads and a more 

rapid decline in CD4+ T cells476, 477. Within the African American and the South 

African women cohorts, the H186R polymorphism had frequencies of 37% and 31%, 
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respectively. However, An et al. did not observe an association between the H186R 

polymorphism and disease progression in Americans of European descent476. In an 

European study in Caucasians in France, Do et al. also did not observe an association 

between the H186R polymorphism and disease progression474. The discrepancy may 

be attributable to the differences in frequency of the H186R polymorphism. This 

polymorphism is rare in European Americans (<3%), Europeans (5%), Brazilians 

(2%), and absent in individuals from Northern India475-478. It is unknown how the 

H186R polymorphism affects anti-HIV-1 activity; 186R did not alter anti-HIV-1 

activity in vitro476. Linkage disequilibrium to sequence variations in other APOBEC3 

genes or other linked genes cannot be ruled out. Other mutations may also contribute 

to disease progression such as the 3' extragenic mutation, rs35228531, which is 

associated with higher viral load and lower CD4+ T cell counts477.  

Fourth, there is a strong negative correlation between APOBEC3G levels and 

markers of disease progression. In two studies, an inverse correlation was found 

between APOBEC3G mRNA expression levels and viremia while a positive 

correlation was found between APOBEC3G mRNA expression levels and CD4+ cell 

counts466, 479. It should be noted that in one of the previously mentioned studies 

cryopreserved PBMCs were thawed and stimulated with anti-CD3 and anti-CD28 

antibodies for 18 to 20 hours prior to RNA extraction479. Higher APOBEC3G mRNA 

levels were found in long-term nonprogressors compared to uninfected individuals 

who have higher levels compared to progressors479. Higher levels of APOBEC3G 

mRNA and protein have also been found in PBMC from exposed seronegative 

individuals compared to both infected and health controls466, 480. PBMC from 
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seronegative individuals were relatively resistant to in vitro infection with HIV-1BaL 

and display a more rapid increase in APOBEC3G expression compared to healthy 

controls480. Although Cho et al. and Reddy et al., did not find a correlation between 

APOBEC3G mRNA levels and either plasma viremia or CD4+ cell counts, a lower 

level of APOBEC3G mRNA was found in infected versus uninfected individuals 

which is consistent with previous findings477, 481. As expected there are numerous 

factors that may contribute to the conflicting data regarding the correlation between 

APOBEC3G mRNA and markers of disease progression. In contrast to findings in 

macrophages, IFNα does not induce APOBEC3G protein in CD4+ T cells but does 

induce APOBEC3G mRNA391, 408. Due to the potential discord between mRNA and 

protein expression in CD4+ T cells, both mRNA and protein levels should be 

determined in future studies. Further, APOBEC3G mRNA was determined in 

PBMCs. APBOEC3G expression levels in CD4+ T cells may be a stronger indicator 

of CD4 cell count as well as expression levels in cells from lymphoid tissue. It should 

be noted that in all the studies correlating higher APOBEC3G expression and CD4+ 

cell count, lower viremia, lower viral set point, or higher expression in long-term 

nonprogressors and exposed seronegative individuals were treatment naïve. In the 

cohort study by Cho et al., subjects were required to be off antiretroviral therapy for 

at least 3 months but were not required to be treatment naïve. The objective of Reddy 

et al. was to determine the association of APOBEC3G expression and early disease 

pathogenesis and therefore the measurements were performed at 3, 6, and 12 months 

after infection. Therefore, treatment status and time after infection may also be 

critical factors. 
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Chapter 5: Human Beta Defensin 2 Mediated Signaling 
Pathways that Influence HIV-1 Replication 
 

Introduction 

 Several factors suggest that hBD2 induces intracellular signaling and gene 

transcription through chemokine receptors. hBD2 is chemotactic for memory CD4+ T 

cells, immature dendritic cells, and TNFα treated neutrophils in a CCR6 dependent 

manner and for monocytes in a CCR2 dependent manner11, 12, 170. The upregulation of 

multiple cytokines and chemokines has been reported at both the gene and protein 

level in PBMC and keratinocytes treated with hBD2178, 179. The induction of cytokine 

production, chemotaxis, and mast cell activation by beta defensins involve signaling 

through guanine nucleotide-binding proteins coupled receptors (GPCRs) resulting in 

activation of mitogen-activated protein kinases (MAPKs)169, 179, 482-485. MAPKs are 

serine/threonine-specific protein kinases in a three-kinase cascade. Each enzyme 

phosphorylates and thereby activates the next member in the sequence. Activation of 

MAPKs results in the phosphorylation of numerous other proteins with regulatory 

functions such as other protein kinases, transcription factors, cytoskeletal proteins, 

and other enzymes120, 486. Differences in the MAPK pathways activated by beta 

defensins may be attributable to the experimental system utilized. Generally, in 

primary cells and cell lines, extracellular signal-regulated kinases (ERK) 1/2 are 

consistently found to be activated. The cognate ligand for CCR6, MIP-3α, also 

activates ERK1/2 in Jurkat cells483. Table 4 summarizes cell signaling pathways 

activated by hBDs. 
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Activation of the MAPKs, ERK1/2, are one pathway involved in the induction 

of APOBEC3G. APOBEC3G can be induced in H9 cells, a leukemic T cell line, and 

CD14 negative peripheral blood lymphocytes (PBLs) by stimulation with phorbol 12-

myristate 13-acetate (PMA)391, 487. In H9 cells, PMA activates PKCα/βI, and MEK1/2 

resulting in the activation ERK1/2 and an increase in APOBEC3G mRNA and 

protein487. In CD14 negative PBLs, PMA increases APOBEC3G protein and 

activation of ERK1/2 is required391. ERK1/2 mediated induction of APOBEC3G is 

not restricted to PMA. In CD4+ T cells and DCs, heat shock protein (HSP) 70 can 

induce APOBEC3G mRNA and protein. Inhibitors to both the ERK1/2 and p38 

MAPK pathways abrogated the induction of APOBEC3G by HSP70. The induction 

of APOBEC3G by HSP70 was through CCR5 and CD40411. Further, the CCR5 

ligand, MIP-1α (CCL3), and CD40 ligand (CD40L) also induced APOBEC3G 

protein411.  

Based on the involvement of ERK1/2 in the induction of APOBEC3G, the 

5'UTR of APOBEC3G was searched for the presence of transcription factor binding 

sites of known transcription factors activated by ERK1/2487. Putative transcription 

factor binding sites for Ets-1, c-Myc, and Elk-1 were found although none yet 

confirmed487. In human T cell lines, the transcription factors Sp1 and Sp3 regulate 

basal transcription of APOBEC3G409. However, Sp1 and Sp3 are ubiquitously 

expressed in mammalian cells and therefore would not account for differential 

expression patterns of APOBEC3G391, 408, 488. In addition to PMA, IFNα induces the 

expression of APOBEC3G in hepatocytes, macrophages, DCs, and plasmacytoid 

DCs391, 408, 410, 489, 490. Although one group has reported that IFNα induces the 
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expression of APOBEC3G in resting CD4+ T cells, the majority of findings do not 

support IFNα induction of APOBEC3G in peripheral blood lymphocytes and CD4+ T 

cells391, 407, 409, 460, 487, 490. Two interferon-stimulated response elements (ISRE) were 

identified in the APOBEC3G promoter in hepatocyte cell lines and were required for 

the IFNα activation of the APOBEC3G promoter489. The ISRE sites identified in 

2006 by Tanaka et al., have been further characterized as an interferon regulatory 

factor (IRF)-4/nuclear factor of activated T cells (NFAT) composite site460. Ectopic 

expression of IRF-4 induces low level APOBEC3G transcription that is enhanced by 

NFAT460. IRF-4 is a member of the interferon regulatory factor family of 

transcription factors and was independently identified by several groups and called 

the following: nuclear factor (NF)-EM5; PU.1-interaction partner (Pip); lymphocyte 

specific interferon response factor (LSIRF); and interferon consensus sequence 

binding protein for activated T cells (ICSAT)491-494. IRF-4 expression is restricted to 

immune cells including B cells, T cells, macrophages, and dendritic cells495 In this 

study, we investigated the mechanism of induction of APOBEC3G by hBD2. We 

hypothesize that hBD2 signals through the chemokine receptor CCR6 resulting in 

APOBEC3G transcription. 
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Results 

hBD2 induces APOBEC3G mRNA 

 We have demonstrated that hBD2 increases APOBEC3G protein expression 

and the receptor CCR6 is required. To determine if the increase at the protein level by 

hBD2 is attributable to enhanced transcription, PHA activated primary CD4+ T cells 

were treated with hBD2 (20 µg/ml). Treatment with hBD2 induced both a rapid 

transient increase in APOBEC3G mRNA as well as a 2 fold increase at 8 hours 

compared to untreated cells at the indicated timepoints (Figure 5.1.A). To distinguish 

between transcription and RNA stability, cells were pre-treated with actinomycin D 

(ActD). ActD inhibits transcription by binding a premelted DNA conformation 

present within the transcriptional complex which immobilizes the complex thereby 

inhibiting the elongation of growing RNA chains496. Pre-treatment with ActD 

abrogated the increase in APOBEC3G mRNA at all timepoints (Figure 5.1.A). These 

results suggest that hBD2 induces transcription of APOBEC3G mRNA. In PBMC, 

hBD2 induces IL-8 production at the mRNA level and at the protein level178. CD4+ T 

cells treated with hBD2 resulted in increased IL-8 mRNA (Figure 5.1.B). Pre-

treatment with ActD followed by treatment with hBD2 (20 µg/ml) abrogated the 

increase in IL-8 mRNA at all timepoints further supporting hBD2 mediated 

transcriptional induction. 
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A 

 

B 

 

Figure 5.1. hBD2 induces transcription of APOBEC3G mRNA and IL-8 mRNA. 
Primary CD4+ T cells were treated with hBD2 (20 μg/ml), actinomycin D (10 μg/ml), actinomycin D 
(10 μg/ml) and hBD2 (20 μg/ml), or untreated. (A) A3G and (B) IL-8 mRNA was assessed by 
quantitative real-time PCR comparing treated samples to untreated samples at matched timepoints. The 
data was normalized to 18S ribosomal RNA and reflects the results from two different donors. Error 
bars representing SEM were included. 
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The post-entry inhibition and induction of APOBEC3G protein by hBD2 

requires CCR6. We next tested if the increase in RNA expression requires CCR6. 

JKT-FT7 cells and JKT-FT7 CCR6 GFP cells were treated with hBD2 (20 μg/ml) and 

APOBEC3G mRNA levels were measured by qPCR. APOBEC3G mRNA expression 

was compared to untreated cells at matched timepoints and normalized to 18S 

ribosomal RNA levels. Treatment with hBD2 increased APOBEC3G mRNA in JKT-

FT7 CCR6 GFP cells but not in the JKT-FT7 cells (Figure 5.2.A). These results are 

consistent with our findings that APOBEC3G protein induction is restricted to CCR6+ 

cells (Figure 4.5). Similar to our findings in primary cells, we observed a rapid but 

transient increase in APOBEC3G mRNA following treatment with hBD2 in JKT-FT7 

CCR6 GFP cells and a 2 fold increase occurring at 8 hours (Figure 5.2.A). Both in 

primary CD4+ T cells and JKT-FT7 CCR6 GFP cells APOBEC3G RNA returns to 

untreated levels by 24 hours which is consistent with protein expression (Figure 4.3.B 

and Figure 5.2.B). 
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Figure 5.2. hBD2 enhances APOBEC3G mRNA and protein. 
(A) JKT-FT7 and JKT-FT7 CCR6 GFP cells were treated with hBD2 (20 μg/ml). A3G mRNA was assessed 
by quantitative real-time PCR comparing treated samples to untreated samples at matched timepoints. The 
data reflects the results of three independent experiments. Error bars representing SEM were included. (C) 
JKT-FT7 CCR6 GFP cells were treated with hBD2 (20 μg/ml). A3G mRNA was assessed by quantitative 
real-time PCR comparing treated samples to untreated samples at matched timepoints. The data reflects the 
results of three independent experiments. Error bars representing SEM were included. (B) JKT-FT7 CCR6 
GFP cells treated with hBD2 (20 µg/ml). APOBEC3G and β-actin were detected by Western blotting. 
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hBD2 induces IRF-4 mRNA and NFAT activation 

 Transcriptional induction of APOBEC3G in CD4+ T cells is regulated by IRF-

4 and NFATc1/NFATc2460. Therefore we next tested if hBD2 induces the expression 

of IRF-4 in PHA activated CD4+ T cells. Treatment of activated primary CD4+ T cells 

with hBD2 (20 µg/ml) induced IRF-4 mRNA compared to untreated cells at the 

indicated timepoints (Figure 5.3). Cells pre-treated with ActD abrogated the increase 

in IRF-4 mRNA at all timepoints suggesting hBD2 induces transcription of IRF-4 

(Figure 5.3). 

 

 

Figure 5.3. hBD2 induces transcription of IRF-4 mRNA. 
Primary CD4+ T cells were treated with hBD2 (20 μg/ml), actinomycin D (10 μg/ml), actinomycin D 
(10 μg/ml) and hBD2 (20 μg/ml), or untreated. IRF-4 mRNA was assessed by quantitative real-time 
PCR comparing treated samples to untreated samples at matched timepoints. The data was normalized 
to 18S ribosomal RNA and reflects the results from two different donors. Error bars representing SEM 
were included. 
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 Treatment of JKT-FT7 CCR6 GFP cells with hBD2 (20 µg/ml) increased 

nuclear NFATc2 compared to untreated cells at both 30 and 60 minutes (Figure 5.4). 

Treatment with hBD2 did not result in an increase in nuclear NFATc1 at 30 or 60 

minutes. As a positive control, treatment with ionomycin (500 ng/ml) increased 

nuclear NFATc2 and NFATc1 (Figure 5.4). 

 

Figure 5.4. hBD2 activates NFAT. 
JKT-FT7 CCR6 GFP cells were treated with or without hBD2 (20 μg/ml) or ionomycin (500 ng/ml) 
for 30 minutes or 60 minutes. NFATc2, NFATc1, GAPDH and Histone H3 were detected in 
cytoplasmic (C) or nuclear (N) fractions at the indicated time points by Western blotting. 
 
 

hBD2 activates ERK1/2 signaling through CCR6 

 
 To assess if hBD2 up-regulation of APOBEC3G involves signaling through 

the MAPK pathway, activated PBMC and CD4+ T cells, JKT-FT7, JKT-FT7 CCR6 

GFP cells were treated with hBD2 (20 μg/ml) and phosphorylated and total ERK1/2 

were measured by Western blot. Treatment with hBD2 increased the amount of 

phosphorylated ERK1/2 in both PBMC and CD4+ T cells compared to untreated cells 
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(Figure 5.5.A.). The activation of ERK1/2 is more pronounced in the JKT-FT7 CCR6 

GFP cells compared to the JKT-FT7 cells (Figure 5.5.A). Treatment with MIP-3α, the 

cognate ligand for CCR6, activates ERK1/2 in PBMC, CD4+ T cells, and JKT-FT7 

CCR6 GFP cells (Figure 5.5.B) which further supports signaling through CCR6 

activates the ERK1/2 MAPK pathway. 

 

A 

 

B 

 

 
Figure 5.5. CCR6 ligands activate ERK1/2 MAPK pathway. 
Activated PBMC, CD4+ T cells, JKT-FT7, or JKT-FT7 CCR6 GFP cells were treated with or without 
(A) hBD2 (20 μg/ml) or (B) MIP-3α (5 μg/ml) for 1 and 5 minutes. Phosphorylated ERK1/2 (p-
ERK1/2) and total ERK1/2 were detected at the indicated time points by Western blotting. 
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APOBEC3G induction by hBD2 is sensitive to MAPK pathway inhibitors 

We next tested if the activation of ERK1/2 by hBD2 is required for 

APOBEC3G induction. CD4+ T cells were pre-treated with or without U0126, a 

specific inhibitor of MEK1/2 activation; the only known downstream substrate of 

phosphorylated MEK1/2 are ERK1/2497. Pre-treatment with U0126 decreased the 

basal level of ERK1/2 phosphorylation, compare untreated CD4+ T cells at zero 

minutes and pre-treated cells with U0126 at zero minutes (Figure 5.6.A). As 

expected, CD4+ T cells pre-treated with U0126 inhibited phosphorylation of ERK1/2 

in cells treated with hBD2 (Figure 5.6.A). We next tested if U0126 prevents 

APOBEC3G induction by hBD2. CD4+ T cells pre-treated with U0126 inhibited the 

induction of APOBEC3G by hBD2 in activated CD4+ T cells (Figure 5.6.B) and 

PBMC (figure 5.6.C). 
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Figure 5.6. MAPK activation and induction of APOBEC3G. 
Effect of inhibiting ERK1/2 on induction of APOBEC3G by hBD2 (20 µg/ml) in CD4+ T cells. (A) 
activated CD4+ T cells were pre-treated with or without U0126 (20 µM) for 1 hour with the indicated 
inhibitor and then treated with or without hBD2 (20 µg/ml) and probed for phosphorylated ERK1/2 
and total ERK1/2. Lysates from (B) CD4+ T cells and (C) PBMC untreated or pre-treated with U0126 
(20 µM) and subsequently treated with hBD2 (20 µg/ml) were probed for APOBEC3G and β-actin by 
Western blotting. 
 

Discussion 

 Two primary factors suggested the post-entry inhibition by hBD2 results from 

intracellular signaling. First, the post-entry inhibition is restricted to cells expressing 

the chemokine receptor CCR6, a receptor that mediates chemotaxis in CD4+ T cells 
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and immature DCs towards hBD2. Second, hBD2 increases the expression of 

APOBEC3G protein, suggesting that hBD2 increases APOBEC3G mRNA expression 

and the knockdown of APOBEC3G expression with siRNA abrogated the post-entry 

inhibition. Consistently, we found that hBD2 increases APOBEC3G mRNA in 

primary CD4+ T cells, the increase was sensitive to treatment with the transcriptional 

inhibitor, ActD, and the transcriptional increase was restricted to the CCR6+ JKT-FT7 

cells. When we investigated the mediators of this increase, we found that hBD2 

increases mRNA expression of IRF-4, a transcription factor that regulates the 

expression of APOBEC3G in conjunction with NFAT460. A major regulator of NFAT 

activation and nuclear localization is the calcium and calmodulin dependent 

phosphatase calcineurin. Intracellular calcium mobilization by human beta defensins 

has been observed in keratinocytes and mast cells but not in macrophages169, 179. We 

found that treatment with hBD2 increased nuclear NFATc2 but not NFATc1 in JKT-

FT7 CCR6 GFP cells. Future studies will address NFAT localization after hBD2 

treatment in primary cells and to determine the kinetics of NFAT activation. 

 The ERK1/2 MAPK pathway is involved in both signaling mediated by hBD2 

and the induction of APOBEC3G expression169, 391, 482, 487, 498. We found that hBD2 

activates ERK1/2 in primary PBMC and CD4+ T cells and in the CCR6+ JKT-FT7 

cells. Chemical inhibition of ERK1/2 activation abrogated the induction of 

APOBEC3G in hBD2 treated primary CD4+ T cells. These results suggest that hBD2 

activates the ERK1/2 MAPK signaling pathway through CCR6 which leads to an 

increase in the expression of APOBEC3G. 
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Chapter 6: Discussion 
 

 HIV-1 infection primarily occurs by sexual route through genital or rectal 

mucosal tissue. However, vaginal transmission rates are estimated to be less than 

1%98. A further understanding of the factors that limit transmission will provide 

critical information for the development of preventive microbicides and vaccines and 

for the development of therapeutics. Beta defensins are antimicrobial peptides that 

represent one component of the innate immune system. Beta defensins are expressed 

at mucosal sites relevant to HIV-1 and may influence transmission, replication, and 

pathogenesis. The majority of studies investigating the antimicrobial properties of 

beta defensins have focused on the disruption of bacterial membranes. At the time 

this work was undertaken, it was known that treatment of HIV-1 virions with human 

beta defensins reduced infectivity8, 10. However, the reduced infectivity did not 

account for the entire anti-HIV-1 activity of hBD2 which led to our findings that 

hBD2 inhibited HIV-1 after virus entry8. This dissertation sought to expand our 

understanding of the mechanisms by which hBD2 inhibits HIV-1 after virus entry. 

 Previously, we showed that adding hBD2 two hours after virus still inhibited 

HIV-1 replication suggesting an additional mechanism of inhibition that occurs after 

virus entry8. To determine if hBD2 inhibited HIV-1 replication after entry, cells were 

infected and virus removed prior to adding hBD2. We observed inhibition of early 

reverse transcription products of both X4 and R5 tropic HIV-1 at all timepoints tested 

(4, 8, and 24 hours). Inhibition at the early timepoints combined with single-cycle 

replication assays indicate that the observed inhibition is not attributable to 

inactivation of second rounds of infection. The inhibition by hBD2 was independent 
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of receptors used by HIV-1 for entry and we did not observe a decrease in the surface 

expression of these receptors. Therefore, these results provide evidence of a post-

entry mechanism of inhibition by hBD2 that occurs prior to or during reverse 

transcription. We also found that the post-entry inhibition was restricted to CCR6+ 

cells. 

Our results demonstrate that the mechanism of the post-entry inhibition by 

hBD2 involves the induction of the host restriction factor APOBEC3G. The induction 

of APOBEC3G was CCR6-dependent, which is consistent with observed inhibition. 

Our findings suggest that the induction of APOBEC3G results from signaling through 

CCR6 involving ERK1/2 and the increase in APOBEC3G protein is attributable to 

the induction of APOBEC3G transcription. Interestingly, we found that hBD2 

induced the expression of IRF-4, a transcription factor that in combination with 

NFATc1/NFATc2 regulates APOBEC3G expression, and hBD2 increased the nuclear 

localization of NFATc2. These findings establish a novel post-entry mechanism of 

inhibition dependent on the upregulation of APOBEC3G mediated by signaling 

through CCR6. 

We propose a model involving inhibition of viral replication occurring by two 

distinct mechanisms (Figure 6.1). First, hBD2 directly inhibits HIV-1 reducing 

infectivity of both X4 and R5 tropic HIV-1. Thus, hBD2 expression in the urogenital 

tract and gut may limit transmission and replication. The antimicrobial activity of 

beta defensins has been reported to involve an interaction between microbial 

membrane and beta defensin. Beta defensins bind to HIV-1 suggesting a mechanism 

where the interaction between defensin and virus reduces infectivity. However the 
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mechanism of virion inactivation is not fully defined. hBD2 did not inhibit cell-cell 

fusion in dye redistribution assays or PBMC expressing T7 polymerase and HeLa 

cells expressing HIV gp160 and a T7 promoter-luciferase construct8. The discrepancy 

between virion inactivation and a lack of inhibition of fusion are not necessarily at 

odds. The alpha defensins, HNP-1 and HD5, inactivate human adenovirus by 

preventing the release of the internal capsid protein pVI stabilizing the viral capsid 

preventing uncoating321. A further understanding of the mechanism of virion 

inactivation by human beta defensins is warranted. 

Beta defensins may also reduce transmission in the upper gastrointestinal tract 

and oral mucosae. Mucosal transmission in children through the upper 

gastrointestinal tract occurs in utero from infected amniotic fluid, intrapartum from 

infected blood and cervical fluids, and post-partum from infected breast milk. A 

single nucleotide polymorphism within the 5'UTR of the DEFB-1 gene, the gene for 

hBD1, is associated with an increased risk of vertical transmission211. High level 

expression of hBD2 is detected in oral epithelium where transmission through the oral 

mucosae is estimated to be lower than vaginal or rectal transmission499, 500. 

Interestingly, infected individuals express lower levels of hBD2 within the oral 

epithelium which may be attributable to HIV-1 infection or antiretroviral drugs8. 

Lower expression in the oral mucosae may enhance susceptibility to opportunistic 

pathogens. At this time we can only speculate if the high level of hBD2 expression in 

the oral epithelium decreases oral transmission. 

Second, hBD2 inhibits HIV-1 after virus entry. The work herein demonstrates 

that hBD2 inhibits either prior to or during reverse transcription and requires the 
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induction of APOBEC3G mediated by MAPK activation in CCR6+ cells. In support 

of a dual mechanism of inhibition, the alpha defensin, HNP-1, in the absence of 

serum inactivates virus without altering CD4 or HIV-1 co-receptor surface 

expression. In the presence of serum, HNP-1 inhibits HIV-1 following entry after 

reverse transcription by inhibiting PKC activation161. There is evidence that the 

mechanism of PKC inhibition is due to binding of alpha defensin to PKC, which 

implies alpha defensin internalization159. HNP-1 is internalized in macrophages and 

prevents vacuolar escape of the intracellular bacteria Listeria monocytogenes157. 

HNP-1 was also detected in CD8+ T cells suggesting these cells have the capacity to 

internalize HNP-1194. HNP-1 inhibits HIV-1 post-entry in CD4+ T cells by inhibition 

of PKC161. PKC inhibition in CD4+ T cells suggests internalization of HNP-1 by 

CD4+ T cells or receptor mediated signaling resulting in PKC inhibitions. Currently 

there is no evidence that hBD2 is internalized by CD4+ T cells. Treatment of CD4+ T 

cells or CD4+CCR6+ T cells with hBD2 resulted in minimal CCR6 receptor 

internalization compared to treatment with MIP-3α. Therefore it is unlikely that 

hBD2 is internalized by receptor mediated endocytosis, however we cannot rule out 

other mechanisms of internalization. Mitigating a role for internalized hBD2 in the 

post-entry inhibition is the requirement of APOBEC3G induction involving 

phosphorylation of ERK1/2. No evidence exists to suggest direct kinase activity by 

hBD2. 
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Figure 6.1. HIV-1 inhibition by hBD2. 
(A) Inactivation of HIV-1 virions by hBD2. (B) CCR6 receptor mediated intracellular inhibition of 
HIV-1 by hBD2. hBD2 induces transcription of APOBEC3G RNA and protein.The increase in 
APOBEC3G is CCR6 dependent and requires ERK/1/2 activation. hBD2 induces transcription of IRF-
4 and the nuclear localization of NFATc2, transcription factors that regulate APOBEC3G expression in 
CD4+ T cells. 

 

Consistent with previously published results, we found CCR2 expression to be 

below detectable levels on primary total CD4+ T cells325. However, CCR2 is detected 

on CD4+ T cell subsets including CD26hi and CCR5+CCR2+ T cells325, 501. The 

CD4+CCR5+CCR2+ T cell subset identifies effector memory cells that are less 

susceptible to apoptosis, migrate to multiple inflammatory chemokines, and produce a 

rapid and broad effector response501. Determining if hBD2 inhibits HIV-1 replication 

through CCR2 similar to CCR6 is warranted as CCR2 is the receptor for hBD2 on 

monocytes and macrophages and is expressed on CD4+CCR5+CCR2+ memory T cell 

subset170, 325. This subset of CD4+ T cells may be important in maintaining immune 
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function as these cells are long-lived memory T cells that can be rapidly recruited to 

sites of inflammation by multiple chemokines. 

The post-entry inhibition and upregulation of APOBEC3G by hBD2 is 

restricted to CCR6+ cells. Our findings indicate that CD4+CCR6+ T cells are highly 

susceptible to infection. Further, CCR6 is expressed on all CD4+α4β7+ T cells of the 

GALT and all IL-17 producing Th17 cells14, 15. In addition, CCR6 is expressed on 

70% of memory CD4+ T cells and CD4+CCR5+ T cells (Figure 1.11). CCR6 is 

expressed on CD4+ T cells that are selectively depleted from the peripheral blood and 

gut18, 300, 301. Preferential depletion of Th17 cells from the gut occurs in HIV and 

pathogenic SIV infection and correlates with disease progression300. Th17 cells are an 

important component of mucosal immune defenses against extracellular and 

intracellular bacteria and fungi285, 286. IL-17 limits microbes through the recruitment 

of neutrophils, induction of pro-inflammatory factors, enterocyte homeostasis, and 

induction of hBD2 and MIP-3α144, 287-295. Limiting microbial threats, maintenance, 

and re-establishment of the mucosal barrier are vital for intestinal homeostasis. In 

addition to direct antimicrobial activity, human beta defensins recruit immune cells to 

sites of inflammation and are involved in intestinal wound healing11, 12, 179, 296. CCR6 

is a critical receptor in gut homeostasis that is involved in trafficking of immature 

DCs, B cells, and T cells to sites of inflammation and into inductive sites within the 

GALT. A lack of CCR6 or its ligands, MIP-3α or hBD2, is associated with immune 

dysfunction including reduced levels of intestinal B cells and regulatory T cells, 

diminished production of antigen specific IgA, and defects in T cell priming265, 266, 277-

279. Structural defects are also associated with a lack of CCR6, MIP-3α, or hBD2 
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including smaller PPs with fewer B cells and follicular domes, reduced numbers of M 

cells, and a block in the development of ILFs266, 275, 279. Similar defects in mucosal 

lymphoid development are observed in the absence of MIP-3α or hBD2, suggesting 

non-redundant roles99. It is interesting to speculate that MIP-3α and hBD2 have 

distinct roles in the maintenance of intestinal homeostasis. The primary function of 

MIP-3α, which is expressed by follicle-associated epithelium, may be to recruit 

immune cells into inductive sites. In contrast to MIP-3α, hBD2 is a less potent 

inducer of chemotaxis (Figure 3.5.A and B). In CD4+ T cells, treatment with hBD2 

induces the expression of the transcription factor IRF-4 (Figure 5.3). IRF-4 is 

involved in the activation of both mature B and T cells, suggestive of a role in 

lymphocyte activation502. IRF-4 is also involved in lymphocyte development. It is 

required for the generation of Th17 cells, plasma cell differentiation, and class-switch 

recombination503, 504. 

In summary, preferential infection and depletion of CD4+CCR6+ T cell 

subsets may initiate or contribute to the failure of the gut mucosal immune system. 

SIV infected sooty mangabeys, which do not progress to AIDS and lack both 

microbial translocation and chronic immune activation maintain levels of Th17 cells 

in both the blood and gut300. These findings suggest that protecting CD4+CCR6+ T 

cell subsets may be critical in preventing disease progression. The CCR6 mediated 

intracellular inhibition of HIV-1 by hBD2, described herein, provides insight into 

signaling pathways that may guide the development of therapeutics that selectively 

target and protect CCR6+ cells. Further, the direct anti-HIV-1 activity, broad 
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antimicrobial activity, immunomodulatory properties, and role in wound healing 

make hBD2 an ideal candidate for development in a microbicide.  
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Appendices 
 

Table 1. Estimated HIV-1 transmission rates. 

Anatomical site Type of epithelium Transmission medium 

Transmission 
probability per 
exposure event 

    
Female genital tract 
 Vagina 
 
 
 Ectocervix 
 
 
 Endocervix 

 
Squamous, non-
keratinized 
 
Squamous, non-
keratinized 
 
Columnar, single layer 

Semen 1 in 200 – 1 in 2000 

    
Male genital tract 
 Inner foreskin 
  
 
 Urethra 

 
Squamous, poorly 
keratinized 
 
Columnar, stratified 

Cervicovaginal and 
rectal secretions and 
desquamation 

1 in 700 – 1 in 3000 

    
Intestinal tract 
 Rectum 
 
 Upper GI tract 

 
Columnar, single layer 
 
Various 

 
Semen 
 
Semen 
 
Maternal blood, genital 
secretions 
(intrapartum) 
 
Breast milk 

 
1 in 20 – 1 in 300 
 
1 in 2500 
 
1 in 5 – 1 in 10 
 
 
 
1 in 5 – 1 in 10 

    
Placenta 
 Chorionic villi 

 
Two layer epithelium 
(cyto- and 
syncytiotrophoblast) 

 
Maternal blood 
(intraeuterine) 

 
1 in 10 – 1 in 20 

    
Blood stream  Blood products, sharps 95 in 100 – 1 in 150 
    
Source: Adapted from Hladik et al., Nature Reviews Immunology, Vol. 8, June 2008. 
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Table 2. Activities of human beta defensins on viral infections. 

Virus β Defensin Effect 
   
Enveloped viruses  
HIV hBD2, hBD3  hBD2 blocks early RT product formation8, 9 

 hBD2 and hBD3 down-regulate CXCR4 
expression10 

   
HSV2 hBD3  inhibits viral attachment and entry505 
   
IAV hBD3  inhibits viral fusion506 
   
RSV hBD2  inhibits viral entry, disrupts viral envelope507 
   
PIV3 hBD6  adenoviral expression of hBD6 in the lung 

increased neutrophil recruitment and enhanced 
infection508 

   
Vaccinia hBD3  inhibits, mechanism unknown509 
   
   
Non-enveloped viruses  
   
hAdV hBD1  inhibits, mechanism unknown510 
   
 
hAdV = human adenovirus; hBD = human beta defensin; HIV = human immunodeficiency virus; HSV 
= herpes simplex virus; IAV = influenza A virus; PIV = parainfluenza virus; RSV = respiratory 
syncytial virus. 
 
Source: Adapted from Deng et al., Journal of Innate Immunity, 2009, 1:413-420. 
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Table 3. Microbes causing HIV-associated infections whose containment 
involves Th17 cells. 

 

Type Pathogen Protective 

HIV-
associated 
infection 

    
Bacteria Bacteroides fragilis No  
 Bordetella pertussis Yes  
 Borrelia sp. No  
 Citrobacter rodentium Yes  
 Escherichia coli Yes Yes 
 Helicobacter pylori No  
 Klebsiella pneumonia Yes Yes 
 Listeria monocytogenes Yes Yes 
 Mycoplasma pneumonia Yes Yes 
 Porphyromonas gingivalis Yes  
 Pseudomonas aeruginosa No  
 Streptococcus pneumonia Yes Yes 
 Salmonella enterica Yes Yes 
    
Mycobacteria Mycobacterium tuberculosis Yes Yes 
 Mycobacterium bovis Yes Yes 
    
Fungi Aspergillus fumigatus No  
 Candida albicans* Yes Yes 
 Cryptococcus neoformans Yes Yes 
 Pneumocystis carinii Yes Yes 
 
*Reduces fungal burden and increases survival with intravenous inoculation or natural cutaneous 
infection but increases fungal burden with intragastric inoculation 
 
 
Source: Adapted from: 
 Curtis et al., Immunology, 126, February 2009, p. 177-185. 
 Klatt et al., Current Opinion in HIV AIDS, Vol 5(2), March 2010, p. 135-140. 
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Table 4. Beta defensins and cell signaling. 
 

Defensin Cell Type Effect Ref 
    
hBD1-3 PBMC  hBD1 induced production of IL-8, MIP-1β, 

MCP-1, IGFBP-3, and EGF. 
 hBD2 induced production of IL-6, IL-8, IL-

10, MCP-1, MIP-β, RANTES, IL-1β, ENA-
78, and GRO. 

 hBD3 induced production of IL-8, MCP-1, 
and IGFBP-3. 

178 

    
hBD2-4 Primary human 

keratinocyte 
 Induced cytokine production of IL-6, IL-10, 

IP-10, MCP-1, MIP-3α, and RANTES that 
was pertussis toxin and U-73122, inhibitors 
for G protein and phospholipase C. 

 Elicited intracellular Ca2+ mobilization, 
migration, and proliferation. 

 Induced phosphorylation of EGFR, 
signal transducer and activator of 
transcription (STAT)1, and STAT3. 

 Activates ERK1/2 and p38 but not JNK 
pathways in the induction of IL-18 

179, 498 

    
hBD3-4 Mast cells  Induced degranulation, prostaglandin D2 

production, intracellular Ca2+ mobilization 
and chemotaxis. 

 Activation was sensitive to pertussis toxin 
and U-73122. 

 Induced phosphorylation of p38 and 
ERK1/2. 

482 

    
hBD1-4 Macrophage  Induce chemotaxis independent of CCR6. 

 Chemotaxis was pertussis toxin sensitive 
and sensitive to inhibitors of 
phosphorylation of ERK, p38, and JNK. 

 Calcium mobilization not observed in 
macrophages. 

169 

    
hBD2 Colonic epithelial 

cell lines 
 Both hBD2 and MIP-3α induce chemotaxis 

and calcium mobilization, elevated RhoA, 
phosphorylated myosin light chain, and F-
actin accumulation. 

485 

    
hBD2 A431cells  (human 

vulval epidermoid 
carcinoma line) 

 Activates phosphorylation of MER1/2 and 
ERK1/2 but not p38 or JNK. 

 Increased expression of α and β isoforms of 
p70S6 kinase and increased the activation of 
PDK1, the upstream kinase p70S6. 

484 
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