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Approximately 40 million people worldwide are infected with HIV,

the causative agent of AIDS.  The primary mode of HIV transmission (75%

of all transmissions) between individuals occurs across mucosal tissues

(vaginal, rectal, oral).  The goal of this thesis was to assess the virologic

and immunologic events following oral inoculation of macaques with
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Simian Immunodeficiency Virus (SIV) and correlate these findings with

disease progression.

To assess the virologic events involving viral entry and spread,

macaques were orally inoculated with SIV and necropsied at early times

post-infection (days 1 - 14).  These studies were the first to identify the

preferential entry sites for the virus as the oral and esophageal mucosa,

as well as the tonsils.  Furthermore, SIV rapidly disseminated to peripheral

lymph nodes resulting in systemic infection by 2 to 4 days post-infection.

The rapidity with which SIV spreads throughout the lymphatics indicates a

major obstacle for a vaccine recall immune response to eliminate infected

cells prior to dissemination.

Analyses of immunologic events through the assessment of

mucosal innate immune gene expression, as well as the initiation of the

adaptive immune response, were undertaken in a second group of SIV

orally inoculated macaques.  Two hypotheses were proposed:  1) An

innate mucosal immune response at the site of entry (oral mucosa) would

result in the induction of a timely SIV-specific adaptive immune response;

and 2) Maintaining a healthy mucosal barrier during chronic infection

would prevent the onset of opportunistic infections.  My data support

hypothesis one, as during early times post-infection (2 – 21 days), gingival

mucosal innate response gene expression correlated with the ability to
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induce timely SIV antibodies and reduce plasma viral loads.  In addition,

my data assessing events during chronic infection (day 70) indicated an

association between elevated expression of mucosal innate response

genes, particularly chemokines, with an absence of opportunistic

infections, thus supporting hypothesis two.  From these studies assessing

viral and immune correlates of SIV transmission, I conclude that vaccines

capable of inducing high titer neutralizing antibodies at the mucosa, as

well as increased mucosal innate immune responses, will be most

efficacious in preventing mucosal HIV transmissions.
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CHAPTER 1: General Introduction and Literature review

Introduction

Human Immunodeficiency Virus – 1/Acquired Immunodeficiency

Syndrome (HIV-1/AIDS) is a worldwide health epidemic with

approximately 40 million people currently infected[1] (Figure 1.1).  In 2004,

there were approximately 14,000 new HIV-1 infections per day, with

greater than 95% of these occurring in low- and middle-income

countries[1].  Nearly 2,000 new infections occurred daily in children under

the age of 15 years.  Of the remaining 12,000 new infections, nearly 50%

occur in persons of working age (15 – 24 years old) and nearly 50% are

newly infected women[1].  Today, an estimated 15 million children have

been orphaned as a result of losing one or both parents to AIDS[2].

Although the HIV-1/AIDS epidemic appears to be stabilizing in Sub-

Saharan Africa, this area still remains the hardest hit.  Of new concern,

however, are the resurgent epidemics in the Ukraine and Russian

Federation, as well as the rapidly growing epidemics in China and India.

The number of infected individuals in these areas has risen 40 – 50% from

2002 to 2004 and likely still represents an underestimate[1].  The advent

of highly active antiretroviral therapy (HAART) in 1996 has dramatically

reduced HIV-related deaths in developed countries.  However, despite
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enormous increases in the global funding (US$2.1 billion in 2002 to

US$6.1 billion in 2004) and improved prevention and care services for

HIV-1/AIDS, the epidemic continues to grow particularly in developing

nations were HAART therapy is not readily available[1].

Figure 1.1.  Estimated number of HIV-1 infected persons throughout
the world as of December 2004.
Sub-Saharan Africa continues to have the greatest number of cases of
HIV-1 infected persons.  (The parentheses represent the ranges of the
actual numbers based upon the best available information.)  Data
obtained from the UNAIDS AIDS epidemic update: 2004.

Discovery of HIV-1 as the causative agent of AIDS

In 1983 the first indications that AIDS was caused by a retrovirus

came in simultaneous publications in Science from work performed by the

laboratories of Robert Gallo at the National Institutes of Health and Luis

Montagnier at the Pasteur Institute[3, 4].  Upon additional characterization

of the virus in 1986, the AIDS virus was officially renamed Human

Immunodeficiency Virus (HIV)[5].  Soon after the discovery of HIV-1, a
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separate subtype, HIV-2, was discovered in West Africa[6, 7].  HIV-2 can

differ by greater than 55% at the nucleotide level compared to HIV-1

isolates[8, 9].  Although both HIV-1 and – 2 can result in AIDS, the

pathogenic course of HIV-2 infection appears to be much slower and its

geographic spread has been limited primarily to West Africa[9-12].

HIV-1 Clinical Symptoms

Acute HIV-1 infection is accompanied by flu or mononucleosis-like

symptoms including headache, muscle aches, fever, sore throat,

lymphadenopathy, and a nonpruritic rash across the trunk and

extremities[9, 13-15] (Table 1.1).  During acute infection, patients become

antigenemic, develop high levels of plasma viremia, and have reduced

levels of CD4+ T cells.  Following the onset of adaptive immune

responses about 2 – 6 weeks post-infection, viral loads begin to fall and

symptoms generally resolve.  Following acute infection, an asymptomatic

phase occurs in which plasma viral loads are reduced to low levels with

intermittent bursts in viremia (Figure 1.2).  During the asymptomatic

phase, which can last from months to years post-infection, there is a slow,

but progressive, loss in CD4+ T cells.  When the patient’s CD4+ T cell

levels decrease to 200 – 500 CD4+ T cells per microliter blood, the patient

begins to develop symptoms of AIDS.  Generally, the patient will present
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with elevated plasma viral loads, generalized lymphadenopathy, and oral

lesions or reactivation of latent infections such as shingles or

Mycobacterium tuberculosis.  During this chronic stage, CD4+ T cell

counts precipitously decline over the course of a few months and viral

loads increase to high levels.  Once CD4+ T cell counts fall below 200

counts per microliter blood, characteristic symptoms of AIDS occur.  It is

during this period the patient begins to develop opportunistic protozoal,

bacterial, fungal, and viral infections, as well as neurological symptoms

and malignancies (Kaposi’s sarcoma) associated with AIDS.

Table 1.1.  Characteristics of primary HIV-1 infection.
The clinical symptoms, duration, and laboratory findings were collected
from numerous sources into the following table[9, 13-15].

Clinical Symptoms
Headache, muscle aches, fever, sore throat, malaise, night sweats
Swollen lymph nodes
Nonpruritic macular erythematous rash
Oral esophageal Candidiasis or ulcers of the mouth, throat or anal canal
Aseptic meningitis or encephalitis
Diarrhea; gastrointestinal complaints
Weight loss
Duration
Symptoms may last 1 – 3 weeks
Swollen lymph nodes and malaise may last many months to years
Laboratory findings
Thrombocytopenia and lymphopenia
Decrease in blood CD4+ T cells
High viral loads (> 50,000 copies viral RNA per mL plasma)
Virus may be detected in cerebral spinal fluid
Anti-HIV-1 antibodies appear within the first 1 – 3 months post-infection
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Figure 1.2.  Classic HIV-1 pathogenesis.
Figure modified from Fauci AS, et al[16].  Depicted here is the natural
course of HIV infection in an average patient that does not receive
antiretroviral therapy from the time of HIV transmission to death at 10 to
11 years.  Following an initial burst of very high plasma HIV-1 RNA levels
(up to 107 copies per mL plasma) a drop in plasma viremia for a prolonged
period occurs. During this clinical latency, viral replication continues albeit
at lower but often measurable levels (103 - 104 copies). Over the course of
infection, a decline of the CD4+ lymphocyte count (<300 cells/µl) and
collapse of the immune system results in rebound of high levels of plasma
viremia, opportunistic infections develop, and the individual succumbs to
AIDS.
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HIV-1 epidemiology

Although both HIV-1 and HIV-2 are pathogenic, only HIV-1 has

become a worldwide epidemic infecting nearly 40 million people.  The

hardest hit area is Sub-Saharan Africa, which represents nearly 10% of

the world's population, but contains almost two-thirds (25.4 million

persons) of all people living with HIV-1.  In particular countries, such as

South Africa and Zimbabwe, as many as 1 in 5 persons are infected with

HIV-1.  Today, a generalized epidemic is occurring in many African

countries meaning that HIV-1 is spreading throughout the general

population, rather than being confined to populations at higher risk (i.e.

sex workers and their clients, men who have sex with men, and

intravenous drug users)[1].

Today’s HIV-1 epidemic is taking on a woman’s face, as females

now comprise nearly 50% of all people living with HIV-1[1, 2].  In areas

such as sub-Saharan Africa, where heterosexual transmission is the

predominant mode of transmission, the numbers are particularly

disturbing.  For example, in South Africa, Zambia, and Zimbabwe, females

between 15 – 24 years of age are three to six times more likely to be

infected than age-matched males.  Furthermore, the ratio of young women

to young men living with HIV-1 ranges from 2:1 in South Africa, to 4.5:1 in

Kenya and Mali.  Due to the high rate of infection in females, a growing
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number of orphans are being cared for by extended family or foster

homes[1].

HIV-1 infection is having a tremendous impact economically on the

world and particularly on Africa.  HIV-1 is causing the loss of farm laborers

and depleting family incomes, further intensifying the chronic food

shortages.  In addition, a human capacity crisis is occurring because of

the loss of skilled workers.  Governments and hospitals cannot function

properly to provide social services to its people.  The HIV-1 pandemic is

also applying monetary strain on world economy.  Money spent on treating

and preventing AIDS in developing nations has nearly tripled from US$2.1

billion in 2002 to US$6.1 billion in 2004 and still more money is needed for

further treatment, counseling and prevention[1].

Origins of HIV-1 and HIV-2

HIV-1 and HIV-2 appear to have originated from Simian

Immunodeficiency Virus (SIV), which is prevalent in nonhuman primates

indigenous to Africa[17].  At least 20 different nonhuman primate species,

all located in Sub-Saharan Africa, are naturally infected with species-

specific SIV strains[18].  Interestingly, SIV infection in these natural hosts

does not normally cause AIDS as is observed with HIV infection in

humans[17].  Utilizing phylogenetic analysis, HIV-1 and HIV-2 fall into two
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distinct SIV lineages and therefore, have different origins.  HIV-2 is most

closely related to strains of SIV called SIVsm, which were isolated from

sooty mangabeys (Cercocebus atys).  Interestingly, sooty mangabeys are

found in western Africa where HIV-2 is endemic.  HIV-1, on the other

hand, is most closely related to SIV strains termed SIVcpz, which were

isolated from chimpanzees (Pan troglodytes).  HIV-1 can further be broken

down into 3 groups as follows[18]:  Group M or ‘main’ group is the largest

and accounts for the majority of HIV-1 infections worldwide; Group O or

‘outlier’ group contains highly divergent strains localized mainly to

equatorial Africa[19]; and Group N or ‘non-M, non-O’ group contains only

a small number of strains found primarily in Cameroon[20].  The fact that

the three main groups of HIV-1 are interspersed with the SIVcpz strains

suggests that SIVcpz has been transmitted to humans on at least three

separate occasions[18, 21, 22].  Today it is believed that the cross-

species transmissions that led to HIV-1 and HIV-2 likely occurred during

the hunting and butchering of chimpanzees and sooty mangabeys (as well

as other non-human primates) for food[17].

Characteristics of the HIV/SIV virion structure and life cycle

HIV and SIV are in the subfamily Lentivirinae of the family

Retroviridae.  They are spherical viruses approximately 100nm in diameter
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with a condensed icosahedral core surrounded by a host derived lipid

bilayer containing viral envelope glycoproteins projecting from the

surface[23].  Packaged within each virion are two copies of a positive

sense single-stranded RNA genome, the viral reverse transcriptase,

integrase and protease enzymes, as well as other accessory proteins

(Figure 1.3).  Both HIV and SIV utilize CD4 as the major receptor for the

viral envelope protein.  HIV/SIV also require interaction with a coreceptor

to trigger fusion of the viral and cellular membranes to gain entry into the

cytoplasm.  HIV utilizes both CCR5 as well as CXCR4 (R5 and X4 viruses

respectively) as its major coreceptors whereas SIV utilizes CCR5 as its

major coreceptor.  The R5 viruses are typically the viruses that are

transmitted between patients.  Characteristic of a retrovirus, HIV/SIV

undergoes a unique life cycle in which its RNA genome is reverse

transcribed by the virally encoded reverse transcriptase into a double

stranded DNA intermediate.  Reverse transcriptase is an error-prone

enzyme that lacks proofreading capability resulting in approximately one

error per 10,000 base pairs or approximately 1 mutation per genome per

reverse transcription cycle[24, 25].  This rate of mutation results in a

diverse viral quasispecies in which each virion has a slightly different

nucleic acid sequence.  The DNA intermediate created by reverse

transcription must then be integrated into the host chromosomal DNA
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before progeny virions can be produced (Figure 1.4).  HIV/SIV utilizes

three overlapping reading frames to express its 9 gene products from one

of three classes of mRNAs.  The functions of the 9 virally encoded

proteins are summarized in Table 1.2.  The first type of mRNA is an

unspliced transcript of approximately 9.1 kilobases utilized for Gag-Pol

translation, as well as genomic RNA for new virions.  The second class of

mRNAs is singly-spliced and encodes the Vif, Vpr, Vpu, and Env proteins.

Both the unspliced and singly-spliced mRNAs require the Rev protein for

transport out of the nucleus.  The last class of mRNAs are multiply-spliced

and constitute the regulatory proteins Tat and Rev, as well as the

accessory protein Nef.  These multiply-spliced mRNAs do not require Rev

to leave the nucleus and are the first mRNAs to accumulate following

infection.  As the Rev protein accumulates, more of the unspliced and

singly-spliced transcripts are able to leave the nucleus.
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Table 1.2.  Summary of viral proteins and known functions.

Gene Gene Product/Function

Gag Group-specific antigen Core and matrix proteins

Pol Polymerase
Reverse transcriptase, protease, and
integrase enzymes

Env Envelope

Transmembrane glycoprotein.  gp120
binds CD4 receptor and CCR5 or
CXCR4 coreceptor; gp41 required for
viral fusion

Tat Transactivator Positive regulator of transcription

Rev
Regulator of viral
expression

Important for export of unspliced and
singly-spliced viral mRNAs out of the
nucleus

Vif Viral infectivity
Increases viral infectivity by inhibiting
cellular APOBEC3G

Vpr Viral protein R
Transports viral DNA intermediate to
nucleus; G2 cell cycle arrest

Vpu Viral protein U
Promotes intracellular CD4 degradation
and enhances release of virions from
membrane

Nef
Negative-regulation
factor

Pleiotropic.  Enhances virion infectivity.
Down-modulates CD4 and MHC class I
from cell surface.  Affects T cell
activation.
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Figure 1.3.  General structure of an HIV virion.
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Figure 1.4.  Schematic diagram of HIV/SIV replication cycle.
Upon binding to its receptor, the viral envelope fuses with the cell
membrane depositing the viral core inside the cell.  The viral RNA is
reverse transcribed to double-stranded DNA, carried to the nucleus, and
finally integrated into the host genome.  New viral transcripts encoding
viral protein mRNAs, as well as new full-length genomes, are synthesized.
New virions bud from the cell membrane and then undergo maturation.

Modes of HIV transmission

There are three primary modes of HIV transmission including:  1)

parenteral (i.e. intravenous drug use or rarely blood transfusion), 2)

sexual, and 3) mother-to-child.  Both sexual and mother-to-child

transmissions require the virus to cross a mucosal barrier.  Interestingly, in

both developed and developing countries, approximately 75% of all HIV

infections occur via mucosal transmission, with the remaining fraction
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occurring by transfusion of contaminated blood or the use of contaminated

needles by intravenous drug users[26].  Mucosal transmission of HIV can

occur across any of the mucosal tissues including the oral, cervical-

vaginal, rectal, or penile mucosa.  Sexual transmissions across the

cervical-vaginal and rectal mucosa are the most common routes of HIV

transmission in both developed and developing countries.  However, the

importance of oral transmission in the HIV epidemic has become

increasingly clear as the epidemic has progressed[27-31].  Indeed, in

developing nations where bottle feeding is not practical, up to one-third of

the newborns become HIV infected as a result of breastfeeding from their

HIV-infected mother[27].  The prevalence of HIV-infected cells in breast

milk has been observed to be between 1 to 3255 per 10,000 CD4+ T cells

and is dependent on factors such as nutrition and inflammation of the

breast tissue[32].  Receptive oral intercourse is another means of oral

transmission that is widely debated in the field.  Some epidemiologic

studies indicate that they cannot detect transmission by this route while

others have documented cases in which a partner became infected

following oral sex[33-36].  Determining whether the transmission occurred

following oral intercourse is difficult, however, as patients often engage in

multiple forms of sex acts, may not know the HIV status of their partners,

and may not know exactly which event resulted in HIV transmission.
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These factors make it difficult to trace the event that led to transmission.

Several factors, however, can increase the likelihood of oral transmission.

For example, poor oral health resulting in gingivitis or the presence of oral

sexually transmitted diseases that cause sores, lesions, or disruption of

the mucosal barriers can potentially increase the risk of HIV transmission

across the oral mucosa[37, 38].  Lastly, oral transmission is an increasing

transmission risk because of the misconception that HIV cannot be

transmitted in this manner[28, 29].

Despite the increasing risks of oral HIV transmission, little is known

about what tissue(s) the virus utilizes as potential portals of entry or how

fast the virus spreads from the portal of entry following oral inoculation.

An initial study assessing oral infection with SIV in neonate and adult

macaques indicated that infection with a cell-free virus inoculum likely

occurred in mucosal tissues proximal to the stomach, although the specific

tissues involved were not identified[39].  Moreover, this study determined

that the minimal infectious cell-free dose required to orally infect adult

macaques by nontraumatic inoculation was approximately 830 times

greater than the dose required to infect via intravenous inoculation[39].

Interestingly, they also observed that the minimal cell-free infectious dose

required to achieve nontraumatic infection via the oral route was 6,000

times lower than that required to achieve nontraumatic rectal infection[39].
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Studies assessing specific tissues along the alimentary (tonsils and

jejunum) have been undertaken to determine the role of these tissues in

SIV/HIV transmission.  One study utilized a cotton-wool swab to apply cell-

free SIV directly to the tonsil to assess the role of mucosal-associated

lymphoid tissue in HIV transmission.  This study demonstrated that the

tonsils are a potential site of transmission and an early site of explosive

viral replication that plateaus in 4 – 7 days post-inoculation[40].  Studies

have also been undertaken to assess the ability of HIV/SIV to infect

across the jejunum[41-43].  Primary intestinal epithelial cells express

galactosylceramide, an alternative receptor for HIV, as well as CCR5[41,

44].  Intestinal epithelial cells can transfer CCR5-tropic viruses via

transcytosis to underlying target cells[41].  These studies suggest that in

the event that SIV/HIV were able to pass through the highly acid

environment of the stomach, jejunal epithelial cells could potentially

transmit the virus to underlying target cells initiating the viral infection.

Together these studies indicate that the oral route of transmission, even in

the absence of oral lesions, provides a risk for HIV transmission in both

neonates and adults.

Studies by Stahl-Hennig et al have focused specifically on the

tonsils whereas Smith and colleagues have focused on the jejunum as

potential portals of HIV/SIV entry[40-43].  However, a comprehensive
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analysis of all tissues along the alimentary canal capable of serving as a

portal of entry following oral inoculation has not been performed.

Furthermore, only the Stahl-Hennig et al study assessed the rate of viral

dissemination from the portal of entry (tonsils) following oral

inoculation[40].  This analysis was performed utilizing a relatively

insensitive co-culture system to grow virus out of various lymphoid

tissues[40].  Although alimentary tissues distal to the stomach cannot be

ruled out as a portal of entry following oral inoculation, the stomach acid

would be predicted to degrade the virus before it could be transmitted

across the small intestine.

Simian Immunodeficiency Virus/Rhesus Macaque Model of HIV

Infection

The well-defined simian immunodeficiency virus (SIV) infection of

rhesus macaques provides an excellent animal model system to assess

both the critical early time points post-infection, as well as longitudinal

assessments of changes in the virus and the host throughout the disease

course[39, 45-49].  SIV infection in macaques closely resembles many

aspects of HIV infection in humans including the modes of transmission,

cellular tropism of the virus, viral replication patterns, disease progression,

and the nature of the host immune response[50-53].  Furthermore, the
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SIV/macaque model is important because knowledge of the time, route,

and number of viral exposures is known, the viral stock used to infect the

macaques is well-characterized, and there is the ability to frequently

sample important tissues (blood, lymph nodes, mucosal sites, etc)

throughout infection.

Like HIV infection in humans, SIV infection of macaques also

results in variable rates of disease progression from rapid to long-term

nonprogressors [54-58].  Even when the same viral strain is given to a

group of macaques, various rates of disease progression often arise

suggesting that host factors, including the innate and adaptive immune

responses, as well as host genetics, play an important role in disease

progression.  Two well-defined genetic components known to influence

HIV/SIV disease progression include major histocompatibility complex

(MHC) polymorphisms (or human leukocyte alleles (HLA) in humans) and

deletions in the CCR5 gene [47, 59-64].  Two alleles in humans, HLA-

B*27 and HLA-B*57 have consistently been associated with a favorable

prognosis primarily due to induction of more frequent immunodominant

cytotoxic T cell responses [61, 65-69].  Surprisingly, however, there has

not been any indication that these two alleles are protective from acquiring

HIV [70-73].  There are also HLA alleles such as the B22 serogroup, HLA-

B*35, and HLA-B*53 that are associated with high viral loads and an
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unfavorable prognosis [61, 65, 68, 74].  Interestingly, infected pregnant

mothers who share the same class I HLA alleles with their infants are

more likely to transmit the virus to their child [75, 76].  This phenomenon

has also been observed in HIV-discordant couples in Zambia in which

couples that shared HLA-B alleles were significantly more susceptible to

infection [70].  Similar observations of MHC class I alleles affecting

disease progression have also been observed in macaques [59, 77].

Variations in other genes such as CCR5, CCR2, RANTES, and SDF-1

have also been described [62, 78-84].  The best described is the ∆32

deletion in the 1 transmembrane domain on the CCR5 receptor [62, 78,

79].  Persons carrying a homozygous ∆32 deletion are virtually completely

protected from HIV infection [62, 78, 79].  These studies indicate the

importance of host genetics in the susceptibility and rate of disease

progression following HIV/SIV infection.

Acute HIV/SIV Infection Following Mucosal Transmission

Potential mechanisms utilized by HIV/SIV to cross an intact mucosal

barrier

Mucosal barriers can be composed of simple columnar epithelium

that is one cell thick to stratified squamous epithelium that is many cells

thick and, depending on its location, may be keratinized at the surface.



20

Simple columnar epithelium can be found in the cervical, rectal, and

intestinal mucosa, whereas stratified squamous epithelium can be found in

the oral, esophageal, vaginal, anal, and penile mucosa.  Because HIV

transmission can occur across this wide variety of tissue structure, it is

likely utilizing a common mode of transmission in each of the mucosal

sites.  Numerous theories have been proposed to explain the mechanism

by which HIV/SIV virions are capable of traversing epithelium including

transcytosis [41, 85, 86], active transport across the membrane via

specialized M cells [87, 88], dendritic cell capture of infectious virions [89,

90], and microbreaks in the epithelium.  Although cell-associated

transcytosis has been demonstrated to occur across in vitro monolayers

[85, 91], transcytosis of cell-free virions remains controversial [85, 92, 93].

In the epithelium associated with mucosal lymphoid follicles, specialized

epithelial cells, termed M cells, deliver samples of the luminal contents to

the underlying lymphoid tissue by transepithelial vesicular transport.  This

method of luminal sampling has been exploited by several viral

pathogens, including reovirus in mice and poliovirus in humans [94-96].

Similarly, HIV may utilize this mechanism as a mode of transmission

across mucosal tissues, such as the tonsils and rectum [40, 87, 88].

Dendritic cells (DCs) have been shown to extend long processes between

epithelial cells to the surface of mucosal tissues where they can directly
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sample the lumen.  In this way, HIV/SIV can likely bind to lectin receptors

on the surface of the DCs, and be presented to target cells either at the

mucosal surface or in the draining lymph nodes.  HIV/SIV utilizes the DCs

as a “Trojan horse” to cross a mucosal barrier and be efficiently presented

in trans to susceptible CD4+ target cells.  DC subsets at the mucosal sites

are typically of the myeloid lineage or Langerhan’s cells [97, 98].

Plasmacytoid DCs or natural type I interferon-producing Dcs are typically

found in the blood and lymph nodes but can migrate to the mucosa under

certain conditions (i.e. inflammation) [97, 99, 100].  One final mechanism

that HIV/SIV can utilize to cross the mucosal barriers is through

microbreaks in the mucosal barrier that could potentially expose

underlying target cells.  Microbreaks can occur in the mucosa during any

activity that results in mild trauma to a mucosal tissue (sexual intercourse

or mastication of food in the mouth).  Any or all of these mechanisms may

be involved in transmission of HIV/SIV at the mucosal sites.

Initial target cells infected at the portal of entry

The probability of HIV transmission per encounter varies

(approximately 1 in 1000 to 1 in 10) and at least in part, has been

correlated with viral load in the HIV+ individual [101-103].  A cutoff of

approximately 1500 copies of viral RNA per milliliter of blood in the
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infected person has been established below which no evidence of

transmission has been observed [102].  Infection of T cells by HIV, as well

as SIV, occurs when the viral glycoprotein gp120 interacts with the CD4 T

cell receptor and one of several known chemokine receptors including

CCR5, CXCR4, CCR2b, CCR8, as well as others.  The major coreceptor

utilized by HIV and SIV during mucosal transmission is CCR5.  Utilizing

the SIV/macaque model as well as ex vivo organ culture systems, many

investigators have focused on identifying the initial target cell infected.

These initial target cells appear to be CD4+ T cells [104, 105], as well as

DCs [89, 106].  Moreover, recent publications indicate more specifically

that resting memory CD4+ T cells may be the preferential primary target

cells [105, 107].  Ashley Haase and colleagues have developed the

‘Substrate Availability Model’ to explain why resting memory CD4+ T cells

are the preferential initial target cell and the role that this cell type may

have in establishing infection [107].  The ‘Substrate Availability Model’

predicts that in the earliest stages of infection, productive infection will

predominate in the type of susceptible cell at the highest concentration in

the tissue, which in mucosal sites they found to be resting CD4+ memory

T cells [107].  The resting phenotype ascribed to these cells means they

did not express the activation and proliferation markers CD69, CD25, and

Ki-67.  At the mucosal barriers, as well as secondary lymphoid organs



23

throughout the body, resting CD4+ T cells greatly outnumber activated

CD4+ T cells.  Furthermore, at the mucosal portal of entry, CD4+ T cells in

small aggregates could theoretically serve to propagate the infection

better than the more disperse macrophages and dendritic cells.  During

these earliest events, infection of activated CD4+ T cells would serve to

amplify the infection, as activated CD4+ T cells contain more viral RNA

[104] and have 12-fold more virions associated with them compared to

resting CD4+ T cells [107].  Furthermore, immune activation induced by

the viral infection, both at the mucosal site as well as in peripheral

lymphoid tissue, would serve to activate CD4+ T cells making them better

targets for the virus.  DCs in this model would still be important for

transmission of the virus across the mucosal barrier and for infection of

CD4+ T cells in trans.  Furthermore, the DCs could also carry the

infectious virus directly to the lymph node, where many more CD4+ target

cells reside.  Upon stimulation, DCs can rapidly migrate to the draining

lymph nodes as quickly as 30 minutes post-exposure, with maximal

migration generally occurring within 24 hours of stimulation [108, 109].

Together, these studies indicate the important roles that both dendritic

cells and CD4+ T cells play in the initial events of HIV transmission.

Furthermore, these studies suggest two potential mechanisms of viral

spread from the portal of entry, which are discussed below.
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Viral spread from the portal of entry: staged versus rapid

The mechanism and timing of HIV dissemination from the portal of

entry to a systemic infection has important implications in the design of an

effective vaccine.  Following infection of the initial target cell, viral infection

likely spreads to the regional and then peripheral lymphoid tissues utilizing

one of two proposed models [103].  The first model describes the spread

of the virus as ‘staged’, in which HIV/SIV replicates for a period of time (3

– 5 days) in the mucosal tissue before disseminating to the lymph nodes

[104, 110, 111].  This model, in theory, allows the host immune response

time to localize and/or eliminate the virus before it spreads to draining and

peripheral lymph nodes.  Furthermore, this model suggests that vaccines

designed to elicit cytotoxic T cell responses to the virus could potentially

eliminate infected cells at the mucosa before they spread to draining

lymphoid tissue.  In contrast, the ‘rapid’ spread model does not require

local replication in the mucosal tissue before disseminating to the draining

lymph nodes [46, 89, 103], making it more difficult for the immune

response to eliminate the infected cells prior to spreading throughout the

body.  This model predicts that the virus spreads throughout the body

within 1 – 2 days, and establishes numerous foci of infection and latent

viral reservoirs.  The ‘rapid’ model of spread suggests that antibodies at

the mucosal sites of entry would be best at preventing infection by
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preventing the first target cell from ever becoming infected.

Understanding by which model HIV/SIV spread from the portal of entry is

critical for developing effective vaccines and microbicides.

Effects of early viral replication systemically and at mucosal tissues

As discussed above, HIV infection is characterized by flu-like

symptoms, followed by a lengthy period of asymptomatic infection, and

finally increased viremia and the onset of AIDS.  The term “lentivirus”,

which translates literally to “slow” virus, was coined to describe HIV

because of the long period of time (months to years) between initial

infection and clinical manifestations of AIDS (Figure 1.2).  The original

observation that HIV directly targeted CD4+ T cells, infecting them and

ultimately killing them, led to the hypothesis that loss of CD4+ T cells

below a critical level during the course of infection led to the inability to

respond to pathogens and/or loss of immune regulatory functions that

ultimately resulted in the inability to control invading opportunistic

infections [9].  Today, this model has been revised to encompass

numerous other events occurring during infection including:  1) coreceptor

targeting of specific CD4+ T cell subsets, 2) indirect mechanisms of CD4+

T cell killing by activation-induced apoptosis, chronic immune activation,

and host cell interaction with viral proteins, and 3) a more dynamic view of
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the host’s regenerative capacity in response to the direct and/or indirect

CD4+ T cell destruction.

Despite being called a lentivirus, rapid changes are occurring very

early in infection (0 – 4 weeks post-infection), which ultimately lead to an

early, uphill battle for the host’s immune response.  By the time a patient

arrives in the clinic with the characteristic signs associated with

seroconversion (fever, skin rash, and/or lymphadenopathy), the infection

has already become well established in the lymphatic system.  By this

time, lymphoid tissue is loaded with infected cells, producing billions of

virions per day, as well as an unknown number of chronically, latently

infected cells that can be reactivated at any time.  Furthermore, an

estimated 5 – 50 billion virions are trapped as immune complexes bound

to follicular dendritic cells in the lymph nodes [112-114].  Between the

long-lived latently infected CD4+ T cells and the large pool of virus trapped

in immune complexes, these reservoirs of infectious virions that are

established very early in infection can be reactivated despite host immune

defenses and highly active antiretroviral therapies (HAART).  Indeed, it is

estimated that a vaccine of at least 95% efficiency would be required to

eliminate a productive infection of this magnitude [115].  To further

complicate the efforts of the host immune response, HIV not only infects

and kills CD4+ T cells in general, but preferentially targets and eliminates
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HIV-specific CD4+ T cells[116].  In addition, the error-prone viral

replication process generates numerous mutants that help the virus

escape the HIV-specific neutralizing antibodies and cytotoxic T cell

responses [117, 118].

HIV infection has typically been characterized by a steady, gradual

depletion of both naïve and memory CD4+ T cells during the course of

infection.  It is believed that once CD4+ T cell levels reach a critical

threshold (<200 CD4+ T cells per microliter blood), opportunistic infections

begin to occur (Figure 1.2).  Classically, CD4+ T cell levels and HIV viral

loads are measured only in the blood of infected patients as an indicator of

disease progression and a marker of when to begin therapy.  Interestingly,

during acute HIV infection, CD4+ T cell levels in peripheral blood decline

only modestly and transiently.  The observation that acutely HIV-infected

patients can develop opportunistic infections such as oral candidiasis,

ulceration of the esophagus or anal canal, pneumonitis, diarrhea and

digestive tract problems suggest that mucosal barriers are compromised

very early in infection [9].

Upon beginning my project, very little was known about mucosal

sites as potential sites of early viral replication.  The first indication that

severe CD4+ T cell depletion was occurring in sites other than the blood

and lymph nodes during acute infection came in a 1998 Science paper in
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which the gastrointestinal tract, specifically the intestinal lamina propria,

was observed to be a major site of CD4+ T cell depletion and viral

replication in the rhesus macaque model [119].  However, this study did

not receive the attention it deserved, mainly because some argued that

the observations were made in monkeys and had not been confirmed in

humans.  However, this massive early destruction in CD4+ memory T cells

in the gut has also been observed during acute HIV infection [120, 121].

This early destruction of mucosal CD4+ T cells is now known to occur due

to the CCR5 coreceptor tropism of SIV/HIV and the large reservoir of

memory CD4+ T cells, which co-express CCR5 and are found in the gut

[43, 122, 123].

Very recently, two studies utilizing the SIV/macaque model

simultaneously published in Nature have more thoroughly quantified and

assessed the mechanism of the massive destruction of CD4+ memory T

cells during acute SIV infection [124, 125].  In one study, massive CD4+

memory T cell depletion was observed in multiple tissue sites, including

the intestinal mucosa [125].  At peak infection, an estimated 30 – 60% of

memory CD4+ T cells were SIV infected [125].  The second study focused

on the infection of intestinal mucosal CD4+ T cells and the mechanism

behind the massive T cell depletion [124].  The investigators determined

that peak infection of CD4+ memory T cells occurred 10 days post-
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infection and that a precipitous drop occurred in concordance with the loss

of susceptible target cells after this time [124].  Furthermore, they found

that only 20% of the depletion could be accounted for by direct viral

infection [124] and hypothesized that apoptosis of uninfected bystander

CD4+ T cells must be occurring.  Indeed, they found a significant increase

in CD4+ T cells expressing the pro-apoptotic factors Fas/Fas ligand, which

they believe initiated Fas-mediated apoptosis in response to the locally

high concentrations of viral envelope protein [124].  Together, these

reports document a previously unappreciated destruction of CD4+

memory T cells during acute infection through direct viral infection and

envelope-induced apoptosis.  This rapid destruction likely has critical

consequences in the tissue microenvironment and the ability to protect

against invading opportunistic infections.  These studies [124, 125], as

well as the fact that 75% of all HIV transmissions occur across mucosal

barriers [26] and many opportunistic infection occur at mucosal sites,

indicate the importance of mucosal tissues in HIV/SIV pathogenesis.

The effect of this profound loss of CD4+ memory T cells during

acute infection has important implications on immune competence over

the duration of the infection.  Understanding CD4 depletion/repletion has

primarily focused on the events occurring in the lymph nodes and blood

during HIV/SIV infection.  It is known that chronic immune activation in
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response to viral replication is linked to fibrosis and architectural

breakdown of lymph nodes that likely negatively affects the homeostatic

CD4+ T cell response [126].  Indeed, a correlation has been observed

between collagen deposition in lymph nodes and the repletion of CD4+ T

cells during HAART [126].  A recent study, however, in SIV-infected

macaques assessed the ability of the host’s homeostatic mechanisms to

compensate for the acute loss of CD4+ memory T cells in mucosal tissues

[127].  Shortly after infection, a generalized proliferation of CD4+ memory

T cells was observed, however, the mucosal tissue-homing CD4+ memory

T cells produced were only short-lived [127].  In general, this proliferative

response did not completely restore mucosal CD4+ T cells and was prone

to failure [127].  Indeed, an association with early impairment of this

proliferative response after infection is predictive of rapid progression to

AIDS in the macaque model.  Even in macaques that progress into the

chronic stage of infection, the CD4+ T cell proliferative response almost

always fails, rendering these macaques susceptible to AIDS [127].

Therefore, although immune exhaustion and/or dysregulation likely

contribute to immune failure and AIDS, the massive CD4+ memory T cell

destruction that occurs very early after HIV/SIV infection also appears to

be important in disease progression.
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Together, these studies are important because they indicate two

novel events occurring during HIV/SIV infection including: 1) rapid

depletion of mucosal CD4+ memory T cells, and 2) inability to replace

mucosal CD4+ memory T cells.  However, these studies do not put the

host immune response to HIV/SIV infection in the context of the CD4+ T

cell depletion/repletion.  Furthermore, these studies only assess one

specific cell type, CD4+ T cells, and do not discuss the impact that the

innate immune response at mucosal surfaces has on acute or chronic

infection.  The host’s innate and adaptive immune responses to SIV/HIV

infection are discussed below.

Host Immune Response to HIV/SIV Infection

Mechanisms utilized by HIV/SIV to establish persistent infections

Although most pathogens are repelled by innate host defenses,

occasionally a pathogen is able to break through and cause disease.

Typically, once a pathogen establishes a productive infection, disease

ensues until the pathogen is contained and cleared by the adaptive host

defenses.  However, some pathogens, such as HIV and SIV, induce

persistent infections that are never cleared.  Regardless of the mode of

transmission, HIV poses numerous challenges to the host immune

response following infection.  The ability of the virus to integrate into the
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host chromosomes upon infection is one mechanism that the virus utilizes

to develop a lifelong infection.  In addition, HIV utilizes viral components,

such as the tat protein, TAR complex and vif protein, to disrupt innate

intracellular host defenses.  The tat/TAR complex binds to and inhibits the

activity of the double-stranded RNA-dependent kinase PKR, which inhibits

the type I interferon signaling pathway [128].  Vif is important for excluding

APOBEC3G from being packaged into new virions [129, 130].

APOBEC3G is a cytidine deaminase that converts cytidine to uridine

leading to hypermutations in the viral genome [129, 130].  HIV also

possesses several additional mechanisms to evade the host adaptive

immune response, such as direct infection and killing of the cells important

for fighting the viral infection (CD4+ T cells), the ability to undergo rapid

and extensive antigenic mutation to escape neutralizing antibodies and

cytotoxic T cells, and the ability of the nef and vpu proteins to down-

modulate the expression of CD4 and MHC class I molecules from the cell

surface.  Together, these mechanisms make containing and clearing an

HIV/SIV infection extremely difficult.

Role of the innate immune response during HIV/SIV infection

Immediately after exposure to a viral pathogen, the innate immune

response, consisting of type I interferons (interferon alpha and interferon
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beta), numerous interferon-stimulated proteins, and proinflammatory

molecules, is initiated.  The role of type I IFNs in HIV infection remains

controversial, as most of the observations have been based on serum

IFNa levels or in vitro analysis of type I IFN responses in PBMC from HIV-

infected patients [131, 132].  The type I IFN responses in lymphoid

tissues, where the virus is actively replicating, has not been well

characterized in HIV-infected samples and only limited studies have been

performed in the non-human primate model of SIV infection [133-136].

There are, however, several lines of evidence suggesting type I IFNs are

important in the control of HIV/SIV replication including: (1) the presence

of type I IFNs in the sera of HIV infected patients is associated with the

decline in viremia during the acute phase of infection [131, 132], (2)

increasing plasma viral loads and the progression to AIDS are associated

with a loss of interferon producing plasmacytoid dendritic cells in the blood

[137-140], and (3) reduced production of IFNα is associated with the

development of opportunistic infections in HIV-infected patients [141].

Early treatment of HIV-infected patients with type 1 interferons reduces

viral loads [136, 142-147].  However, detectable levels of IFNα do not

appear to prevent systemic dissemination of the virus [131, 132, 136,

148].  In addition, high levels of plasma IFNα/β have been shown to

correlate with a poor prognosis and the presence of high plasma viral
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loads [136, 148].  Studies assessing the role of other cytokines and

chemokines during HIV/SIV infection have also been undertaken [140,

149, 150].  Studies assessing HIV/SIV-induced cytokine and chemokine

levels have led to conflicting results, as some studies indicate a protective

effect [148, 151, 152] whereas other studies indicate a pathogenic effect

[149, 152-155].

Interestingly, several studies have found that vaccinated macaques

that were protected from challenge, had increased levels of innate

immune components as described below [156-159].  In one study,

increased IFNα  expression in peripheral blood mononuclear cells

correlated with higher frequencies of SIV-specific IFNγ-producing cytotoxic

T cells in vaccinated-protected macaques compared to vaccinated

macaques that were not protected [157].  In two macaque studies,

increased levels of innate immune cells, gamma/delta (γδ) T cells and

DCs, at the site of inoculation correlated with protection against

pathogenic virus [156, 158].  The accumulation of DCs and γδ T cells (both

cell types are known to produce cytokines and chemokines capable of

blocking SIV/HIV entry) at the mucosal challenge site in vaccinated

macaques correlated with protection against challenge infection [156,

158].  These studies indicate the importance of innate immunity in
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protecting macaques from SIV challenge, as well as in the induction of a

protective adaptive immune response to SIV.

In contrast to numerous studies that have assessed innate

immunity in the blood and lymph nodes during HIV/SIV infection, very few

have examined the levels of cytokines, chemokines, and interferon

response genes at the mucosal surface [160, 161].  Microarray analysis of

jejunal biopsies during acute SIV infection (2 – 6 weeks post-infection)

indicate a direct correlation between the macaques’ ability to markedly

increase immune and pro-inflammatory gene transcript levels and the

ability to significantly reduce plasma viral loads [161].  Significant down-

regulation of important growth factors and cell cycle regulator proteins by

2 weeks post-infection suggests that proliferation and growth necessary to

replace depleted CD4+ T cells in the gut-associated lymphoid tissue is

impaired [161].  However, antiretroviral therapy given early (starting 6

weeks post-infection) in SIV infection reduced mucosal inflammation, as

well as viral loads, while increasing intestinal epithelial repair pathways

and mucosal CD4+ T cell numbers [160].  The macaques utilized in these

studies were necropsied 26 weeks post-infection and therefore, mucosal

immune responses could not be assessed with regard to clinical disease

outcome (rapid versus slow progressors).  Furthermore, assessments of

SIV-specific immune responses were not measured in these studies.
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Even so, these studies indicate that increased expression of mucosal

immune response genes during early times post-infection can influence

viral loads.

Utilizing the SIV/macaque model permits us to correlate early

changes in the innate immune responses at the mucosal site of infection

with the elicitation and maintenance of the adaptive immune response, as

well as disease progression.  This is an area of research that is relatively

unstudied, yet is critical to our understanding of how to prevent mucosal

HIV transmission.  In Chapter 4 of this thesis, I describe experiments that

assess the innate mucosal immune response during acute and chronic

pathogenic SIV infection and correlate these changes with SIV-specific

adaptive immune responses, plasma viral loads, and disease outcome.

Role of the adaptive immune response during HIV/SIV infection

Clinical observations in HIV-infected humans and SIV-infected

macaques have demonstrated that the early control of viral replication has

the potential to positively affect disease outcome [162].  The level at which

plasma viremia stabilizes following primary infection is a highly predictive

correlate of the rate of disease progression [162-164] (although early

reduction in plasma viremia does not always result in long-term control

[165]).  The control and clearance of many viral pathogens is associated
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with the onset of both the cellular and humoral adaptive immune

responses.  Similarly, HIV/SIV infection results in the induction of both

virus-specific T cells and antibodies.  Indeed, the significant decrease in

plasma viremia observed during acute infection is associated with the

appearance of cell-mediated and humoral immune responses [166].

CD8+ cytotoxic T cells recognize 7 – 11 amino acid long epitopes

expressed on antigen presenting cells in association with class I MHC

molecules.  Clinical and experimental data have clearly indicated the

importance of CD8+ T cell responses in controlling acute viral replication

[166-171].  A temporal relationship between the decrease in plasma

viremia and the onset of virus-specific CD8+ T cells has been observed

[168, 169, 172].  Furthermore, the breadth and strength of the cytotoxic T

cell response has been correlated with the level of plasma viremia and the

rate of disease progression [54, 164, 171-173].  Unfortunately, HIV/SIV

are able to escape cell-mediated immune responses through several

mechanisms including direct killing of virus specific CD4+ T helper cells

[116] and extensive antigenic variation induced by the error-prone reverse

transcriptase enzyme [117, 174-176].

HIV/SIV-specific antibodies can also be beneficial during infection

in reducing plasma viremia [177-179].  Studies from both HIV-infected

patients, as well as experimentally SIV-infected macaques, strongly
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support the role for virus-specific antibodies in controlling plasma viremia

[178-186].  Indeed, SIV-infected macaques that exhibit a rapid disease

progression fail to develop significant SIV-specific antibody titers [187-

190].  Furthermore, numerous studies have demonstrated that passive

administration of anti-SIV antibodies can reduce primary viremia or even

completely block infection after experimental challenge [178-186, 191,

192].  Similar to cellular immune responses, HIV/SIV can also escape

virus-specific antibodies by several mechanisms, including the direct

killing of CD4+ T helper cells, destruction of germinal centers of the lymph

nodes, as well as antigenic variation and dense carbohydrate masking of

epitopes [193-197].

Summary

Upon beginning my thesis project, I sought to understand several

unanswered questions in the field of oral HIV transmission.  These

questions included:  1) Where are the most common sites of viral entry

along the digestive tract following oral inoculation?; 2) How quickly does

the virus spread from the portal of entry to regional and distal lymph

nodes?; 3) How does the mucosal innate immune response change during

acute and chronic infection?; 4) How does the innate mucosal immune

response correlate with the breadth and strength of the adaptive immune
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response?; 5) Does the ability to maintain a healthy mucosal barrier during

chronic infection correlate with slower disease progression?  To answer

these questions, I utilized the SIV/rhesus macaque model of HIV infection

to mimic oral transmission.  Chapters 3 and 4 discuss the findings of my

work and their impact on the field of HIV research.  Chapter 3 addresses

the questions of viral entry and spread while Chapter 4 addresses the

questions related to mucosal immunity, adaptive immunity, and disease

progression.



40

CHAPTER 2:  Material and Methods

Animal inoculations and virus stock.

The macaques used in these studies were colony-bred rhesus

macaques (Macaca mulatta) housed at the California National Primate

Research Center (CNPRC).  Upon beginning these studies, all animals

were seronegative for Simian Immunodeficiency Virus (SIV), Simian T cell

Leukemia Virus (STLV), and Simian Retrovirus (SRV) as determined by

antibody enzyme immunoassay.  In addition, all animals were negative for

SIV, STLV, and SRV proviral DNA as determined by virus-specific PCR

assays using DNA extracted from peripheral blood mononuclear cells

(Simian Retrovirus Laboratory, CNPRC) [198-200].  Neonatal macaques

ranged from 3 to 15 days of age.  Juvenile macaques ranged from 1.75 to

3.3 years of age (adult macaques are aged 5 years and above).  All

animals were cared for in accordance with National Institutes of Health

guidelines and appropriate approvals of the local Animal Care and Use

Committees were obtained.  A total of seventeen animals were orally

inoculated with two doses of SIV to ensure infection.  Each dose consisted

of 1 ml of 1x105 50% tissue culture infectious doses of SIVmac251-

5/98[201, 202] and was administered under ketamine hydrochloride

anesthesia (10 mg/kg) by methods previously described [203].  For the
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SIV inoculation, the virus inoculum was slowly dispensed drop-wise from a

needleless syringe onto the lower right cheek/gingival area.  The virus was

allowed to contact the oral gingiva and likely the tonsils prior to being

swallowed.  For the eleven macaques enrolled in the necropsy study

(Chapter 3), macaques that were necropsied 1 – 2 days post-inoculation

received two doses of SIV 1 – 4 hours apart while macaques that were

necropsied 4, 7, or 14 days post-inoculation received two doses of SIV 24

hours apart.  The macaques were humanely euthanized by pentobarbital

overdose in accordance with California National Primate Research Center

and Federal guidelines at the predetermined times post-oral inoculation.

Macaques enrolled in the longitudinal biopsy study (Chapter 4) received

two doses of the same SIVmac251-5/98 stock 1 hour apart.  These

macaques were followed throughout infection and observed for signs of

simian AIDS (weight loss, wasting, dehydration, etc.) at which time they

were humanely euthanized.  The viral inoculum used in these studies is

similar to that which has been utilized in vaginal [89, 201], rectal [204], and

other oral studies [40].
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Tissue collection and processing.

Necropsy study (Chapter 3)

At necropsy, 20 to 30 tissues were collected, representing both

lymphoid and non-lymphoid tissues.  Tissues were preserved by two

methods.  Samples were snap frozen in liquid nitrogen and stored at

–80°C for DNA or RNA isolation.  Tissues were also fixed in Streck tissue

fixative buffer (Streck Laboratories, Inc., Omaha, Nebraska) prior to being

paraffin embedded.

Biopsy study (Chapter 4)

During the course of this study, numerous biopsies were obtained

as described in Figure 2-1.  All biopsies were performed under ketamine

hydrochloride anesthesia (10 mg/kg).  From each macaque, 3 mucosal

biopsies, 4 lymph node biopsies, and numerous blood samples were

collected.  Mucosal biopsies consisted of 2mm punch biopsies of gingival

and rectal tissue that were placed in either Streck tissue fixative buffer

(Streck Laboratories, Inc.) prior to being paraffin embedded or in

RNALater (Ambion, Inc., Austin, Texas) at –80°C for RNA isolation.

Lymph node biopsies were obtained one each from the left and right

axillary and inguinal lymph nodes and preserved as either viable cells,

placed into Streck tissue fixative buffer (Streck Laboratories, Inc.) prior to

being paraffin embedded or in RNALater (Ambion, Inc.) at –80°C for RNA
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isolation.  Peripheral blood was assessed for complete blood cell counts

(CBC) and absolute T cells, CD4+ T cells, CD8+ T cells, and B cells by

flow cytometry.  Peripheral blood mononuclear cells were viably frozen at -

140°C and shipped to our laboratory under nitrogen vapor in a Cryo-

Shipper (MVE, Inc., New Prague, Minnesota).

Figure 2-1.  Experimental design of biopsies obtained during the
longitudinal biopsy study.
Six rhesus macaques were divided into two groups of three.  Following
nontraumatic oral inoculation with a high dose SIVmac251, three mucosal
biopsies (black), 4 lymph node (blue) biopsies, and numerous blood draws
(green) were obtained from each macaque.  Animals were followed
throughout the disease course until they developed AIDS at which time
they were euthanized.  The slow progressor, RM16, was released to
another investigator at the University of California, Davis at 54 weeks
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post-infection in good health.  At 106 weeks post-infection RM16
developed AIDS and was euthanized.

SIV gag quantitative real-time PCR

SIV gag and CCR5 copy numbers were determined by real-time

PCR.   Pr imers  (5 ’ -TCTGCGTCATCTGGTGCA-3 ’ ,  5 ’ -

TGTCTCTGCACTATCTGTTTTG-3’) (Fisher Scientific, Pittsburgh,

Pennsylvania) amplifying a 76 bp fragment of gag and probe (5’-FAM-

CAGAAGAGAAAGTGAAACACACTGAGGAA-TAMRA-3’) (Applied

Biosystems, Foster City, California) were designed from known sequences

of the SIVmac239 gag gene.  Use of the CCR5 gene (present as two

copies of DNA/cell) primers (5’-TACCTGCTCAACCTGGCCAT-3’, 5’-

TTCCAAAGTCCCACTGGGC-3’) (Fisher Scientific) and probe (5’-FAM-

TTTCCTTCTTACTGTCCCCTTCTGGGC-TAMRA-3’) (Biosource

International, Camarillo, California) allowed for normalization of cell

numbers [205].  Each PCR reaction performed in the 7700 Sequence

Detector ABI Prism contained 1 µg of genomic DNA.  The results were

analyzed using the SDS 1.9.1 software (Applied Biosystems).  All samples

and standards were performed in duplicate.  The unknowns were

quantified by comparing to known plasmid standards of gag and CCR5

ranging from 102 to 106 copies.  Real time PCR allowed us to confidently
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quantify levels of SIV DNA that were above 50 copies per microgram of

genomic DNA.

Nested PCR of the SIV gag gene.

Genomic DNA was isolated from approximately 10 mg of 20 - 30

different snap-frozen tissues using the Novagen Sidewinder kit (Novagen

Incorporated, Madison, Wisconsin).  In each nested PCR reaction, 1 ug of

genomic DNA was utilized to detect a 597 base pair DNA fragment of the

SIV g a g  gene.  The first round primers were 5’-

AGAAAGTGAAACACACTGAGGAAGC-3’ (forward) and 5’-

TCATCCAATTCTTTACTGCTGCAT-3’ (reverse).  In the second round, 2

ul of the first round products were uti l ized with 5’-

ACAGATAGTGCAGAGACACCTAGTGG-3’ (forward) and 5’-

CTGTCTACATAGCTCTGAAATGGCTC-3’ (reverse).  PCR was

performed using a PE Applied Biosystems GeneAmp® PCR System 9700

with the following conditions: 94°C for 5 min., followed by 35 cycles of

94°C for 30 sec., 57°C for 30 sec., 72°C for 30 sec., followed by 72°C for

7 min.  Each DNA sample was tested in 3 – 10 replicates.  Here, the

nested PCR approach provided the sensitivity to repeatedly detect 1 - 5

copies of plasmid DNA.  Human and SIV-negative macaque peripheral

blood mononuclear cells were utilized as negative controls.  Further
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internal controls were established through a re-analysis of selected tissues

that continued to result in a similar number of PCR positive/negative

reactions.  For the detection of SIV RNA, total RNA was extracted utilizing

the RNA-Bee Isolation kit (Tel-Test, Inc., Friendswood, Texas) and ~1 ug

of total RNA underwent one-step reverse transcription PCR followed by a

second round of PCR with the same SIV-specific gag primer sets as

above.  Second round PCR products were electrophoresed on a 1%

agarose gel and visualized as a 597 base pair fragment by ethidium

bromide staining.

Detection and characterization of SIV-infected cells by in situ

hybridization and immunohistochemistry.

To identify potential target cells for SIV infection in the oral mucosa,

tissues were immunostained with anti-CD4 antibody clone 1F6

(Novocastra Laboratories Ltd, Newcastle upon Tyne, United Kingdom) at

a 1:50 dilution or anti-CCR5 antibody clone 3A9 (BD Biosciences, San

Jose, California) at a 1:1000 dilution (Figure 2a,b), as previously described

[206, 207].

To detect and characterize SIV-infected cells (Fig 2), Streck-fixed,

paraffin-embedded tissue sections were hybridized and immunostained

with a few modifications [111].  Briefly, tissue sections were rehydrated,
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treated for 20 minutes with hydrogen peroxide (2%), then blocked in 0.2 N

hydrochloric acid for 10 minutes.  Proteinase K (25 µg/mL) treatment was

performed for 1 minute prior to hybidization with digoxigenin-labeled

riboprobes (Lofstrand Laboratories, Limited, Gaithersburg, MD).  Detection

of the riboprobe was accomplished with sheep anti-digoxigenin-

peroxidase (Roche Diagnostics, Corp., Indianapolis, IN) followed by

fluorescein isothiocynate-tyramide amplification (PerkinElmer Life

Sciences, Inc, Boston, Massachusetts).  The sections were then washed

three times in 0.1 M Tris containing 0.05% Tween 20, blocked for 15

minutes in serum block (phosphate buffered saline + 1% milk + 0.5%

bovine serum albumin), and probed with biotinylated anti-CD3 (Dako

Corp., Carpinteria, California) or anti-HAM56 (1:75 dilution; Dako

Corporation) antibody and detected utilizing streptavidin Alexa 633

(Molecular Probes Inc., Eugene, Oregon).  Nuclei were identified utilizing

4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Inc.).  Confocal

microscopy was performed using the Zeiss LSM5 PASCAL laser scanning

microscope and the PASCAL version 3.2 image software (512 X 512 pixel

resolution) (Carl Zeiss, Oberkochen, Germany).



48

Quantification of plasma viral RNA.

Viral RNA in the plasma was quantified by the branch DNA (bDNA)

signal amplification assay specific for SIV [208].  Viral load in the plasma

is reported as copies of viral RNA per milliliter of plasma.  The limit of

detection of the bDNA assay is 500 copies of viral RNA per milliliter of

plasma.

Quantitative real-time PCR analysis of immune effector genes.

Oral gingival and rectal biopsy samples were obtained at 3

timepoints post-oral infection including 2 – 4 days post-infection (dpi), 14 –

21 dpi, and 70 dpi.  In addition, similar biopsies were also performed on 4

age-matched uninfected macaques.  Samples were approximately 2mm in

diameter and 2mm thick and consisted of squamous epithelium, as well as

underlying connective tissue.  Biopsies were placed in RNA-Later

(Ambion, Inc.) at –20°C.  Total RNA was extracted as previously

described utilizing mechanical homogenization followed by Trizol

extraction [157].  All samples were DNase-treated (Roche, Indianapolis,

IN, USA; Ambion) for 1 hour at 37°C.  cDNA was prepared using random

hexamer primers (Amersham-Pharmacia Biotech, Inc., Piscataway, NJ,

USA) and M-MLV-Reverse Transcriptase (Life Technologies).  Real-time

PCR reactions utilizing SYBR Green (Applied Biosystems, Foster City,
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California) were performed on an ABI 7700 (Applied Biosystems) as

described previously [136, 157]. Table 2.1 lists the sequences of the

primers utilized in the PCR reactions.  Changes in expression of 13 innate

immune genes (IFN alpha, IFN beta, IFN gamma, IL-4, IL-6, IL-10, IL-12,

IP-10, MIG, TNFa, Mip1a, Mx, and 2’-5’ OAS) and the housekeeping gene

GAPDH were calculated as previously described utilizing delta Ct values

[157].  Briefly, the GAPDH Ct value was subtracted from the Ct value of

the target gene generating a dCt value.  In the 4 uninfected macaques an

average of the dCt values was derived and this average dCT value was

then subtracted from the dCt value of a target gene to achieve the ddCt

value.  Fold induction was then determined by the following formula:  2-ddCt

(User Bulletin No.2, ABI Prism 7700 Sequence Detection System [Applied

Biosystems]).  An average fold induction and standard deviation of the

target gene was calculated for the uninfected macaques and used to

determine whether the target gene in the infected animal was significantly

increased.  Changes in mRNA expression of a target gene in an infected

macaque was deemed significant if its fold induction was greater than two

standard deviations of the average of the uninfected controls.
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Table 2.1.  Real-time PCR primers utilized in SYBR Green assay to
measure immune effector genes.

Gene Sequence (5’ – 3’)
GAPDH
Forward GCA CCA CCA ACT GCT TAG CAC
Reverse TCT TCT GGG TGG CAG TGA TG
Interferon alpha
Forward GCC TGA AGG ACA GAC ATG ACT TT
Reverse GGA TGG TTT GAG CCT TTT GG
Interferon beta
Forward TGC CTC AAG GAC AGG ATG AAC
Reverse GCG TCC TCC TTC TGG AAC TG
Interferon gamma
Forward GAA AAG CTG ACC AAT TAT TCG GTA A
Reverse AGC CAT CAC TTG GAT GAG TTC A
IL – 12p40
Forward ACA AAA AGG AAG ATG GAA TTT GGT
Reverse GGC CTC ACA TCT TAG AAA GGT CTT A
Mig (CXCL9)
Forward CAG ATT CAG CAG ATG TGA AGG AA
Reverse ACG TTG AGA TTT TCT AAC TTT CAG AAC TT
IP-10 (CXCL10)
Forward CCT CCA GTC TCA GCA CCA TGA
Reverse TGC AGG TAC AGC GTA CGG TCC
Mip1 alpha
Forward CAC AGA ATT TCA TAG CTG ACT ACT TTG A
Reverse TGC CGG CCT CTC TTG GT
TNF alpha
Forward GGC TCA GGC AGT CAG ATC ATC
Reverse GCT TGA GGG TTT GCT ACA ACA TG
IL - 4
Forward CAG CCT CAC AGA GCA GAA GAC TC
Reverse TTG TGT TCT TGG AGG CAG CA
IL - 6
Forward TGG CTG AAA AAG ATG GAT GCT
Reverse TTG CTC CTC ACT ACT CTC AAA CCT
IL - 10
Forward CAC GAC CCA GAC ATC AAG GA
Reverse CCA CGG CCT TGC TCT TGT T
Mx
Forward AGG AGT TGC CCT TCC CAG A
Reverse TCG TTC ACA AGT TTC TTC AGT TTC A
2’ – 5’ Oligoadenylate
Synthase
Forward CTG ACG CTG ACC TGG TTG TCT
Reverse ACT CTC CCC GGC GAT TTA A
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SIV envelope-specific antibody endpoint titer and avidity

Antibody responses to native SIV envelope were measured as

previously described utilizing a concanavalin A (ConA) enzyme-linked

immunosorbent assay (ELISA) [209].  Briefly, detergent-disrupted SIV

envelope proteins from SIVsmB7 captured on the ConA plate were

exposed for 1 hour at room temperature to plasma antibodies, monoclonal

antibodies, or plasma from SIV negative control macaques.  To determine

endpoint titers, the plates were washed with phosphate buffered saline,

and developed using peroxidase labeled goat anti-monkey IgG antibody

and TM blue (Serologicals Corp., Gaithersburg, Md.) as the substrate.

Endpoint titers represent the last 2-fold dilution with an OD450 twice that of

SIV negative control animals.  The avidity of antibody binding was

determined by measuring the stability of antibody-antigen binding in the

presence of 8 M urea.  The percent antibody avidity was calculated as

follows:  (OD450 of urea treated wells/OD450 of PBS treated wells) X 100.

The results are averages of at least two independent experiments, with

variation in individual antibody avidity and conformational dependence

values of less than 10%.
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CHAPTER 3:  Rapid Dissemination Of SIV Following Oral

Inoculation

Introduction:

A thorough understanding of the earliest events post-infection are

necessary for the development of an HIV vaccine capable of preventing

mucosal transmission.  The majority of HIV infections occur upon virus

exposure to mucosal tissues including the vaginal, penile, rectal and oral

mucosa.  The importance of oral transmission in the HIV epidemic, as

discussed in detail in Chapter 1, has become increasingly clear as the

epidemic has progressed [27-31].  Following infection of the initial target

cell, viral infection likely spreads to the regional and then peripheral

lymphoid tissues utilizing one of two proposed models [103].  As

discussed in detail in Chapter 1, the spread of the virus may be described

as ‘staged’ [104, 110, 111] or ‘rapid’ [46, 89, 103].  The well-defined SIV

infection of rhesus macaques provides an excellent animal model system

to assess the critical early time points post-infection [39, 45-48].

Here we have utilized a nontraumatic oral SIV inoculation model to

study in detail the first 7 days post oral exposure.  These studies were

designed to assess the sites of transmission, as well as the rate of viral

spread from these sites to draining lymph nodes and then systemically.
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The data indicate that oral and esophageal mucosa, as well as tonsils, are

potential sites of viral infection.  Furthermore, the detection of virus in

multiple tissues distal to exposure as early as 1 dpi indicates that oral SIV

exposure results in rapid viral dissemination.  The results of this study

suggest that blocking infection of the initial target cell will likely be the

most effective method of preventing SIV/HIV transmission following a

mucosal exposure.

Results:

Evidence for SIV infection proximal to the gastric cardia

The first goal of this study was to determine the most likely sites of

SIV entry following a nontraumatic oral exposure.  Virus infection could

potentially occur at the site of virus administration (the oral mucosa) or at

any point along the digestive tract.  In addition, the tonsils have large

numbers of T cells and DCs that could also serve as a potential site of

infection [40].  Identification of SIV nucleic acid in the digestive tract at

these early times post-infection required a nested (two rounds) PCR

approach.  The PCR amplification of a 597 base pair SIV gag fragment

was performed in 3 - 10 replicates for each genomic DNA sample tested.

Numerous controls were performed on all PCR experiments including

human and uninfected macaque peripheral blood mononuclear cell
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(PBMC) DNA as negative controls (Figure 3-1a).  In addition, select

tissues negative for SIV gag DNA underwent real time PCR analysis of a

genomic gene (CCR5) to be certain that PCR amplifiable DNA was

present (Figure 3-1b expressed as cell equivalents).

A total of seven tissues along the digestive tract (oral mucosa,

lingual and palatine tonsils, esophagus, stomach, small and large

intestines) were collected from SIV-inoculated macaques at necropsy and

analyzed for the presence of SIV gag DNA (Table 3-1). The spread of the

virus to most digestive tract tissues, as well as lymphoid organs (Table 3-

1), at 4, 7, and 14 days post-inoculation (dpi) suggested that viral

dissemination was systemic by these time points.  Therefore, we

concluded that analysis of macaque tissues collected at 1 and 2 dpi

afforded the best opportunity for identifying the most common sites of

initial viral infection.  In two juvenile macaques necropsied 2 dpi, the

majority of SIV gag DNA positive tissues were located proximal (oral

mucosa, esophagus, and the tonsils) to the gastric cardia with only one

tissue below the gastric cardia (stomach) containing SIV DNA in one
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Figure 3-1.  PCR detection of SIV nucleic acid within macaque
tissues.
A) Following nested PCR amplification and agarose gel electrophoresis, a
597 base pair DNA fragment of the gag gene could be observed in SIV
positive tissues.  This band was absent in SIV negative macaques.  B)
The absence of SIV DNA could be verified in numerous replicates in which
PCR amplifiable cellular DNA was present and quantified with real time
quantitative PCR (the number of cell equivalents is indicated).  C) Tissues
that were DNA positive were also routinely RNA positive at similar levels.
Results obtained following nested RT-PCR performed on RNA extracted
from a subset of tissues are depicted (results from SIV gag DNA are also
indicated).
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Table 3-1. Detection of SIV nucleic acid in mucosal associated
tissues or lymphoid tissues.

J1 N2 N J J J J N J J J

Tissues
Examined3

1 d
33098

1 d
33711

1 d
34262

2 d
30379

2 d
30381

4 d
29976

4 d
30244

4 d
33357

7 d
30964

7 d
30974

14 d
30076

Oral Mucosa +4 -5 ++6 ++ ++ ++ ++ ++ ++ ++ ++

Lingual Tonsil - - - ++ ++ - - + ++ ++ ++

Palatine Tonsil ++ - - + ++ ++ ++ ++ na7 na na

Upper Esophagus - + ++ ++ ++ + - ++ ++ ++ ++

Stomach - - - + - + ++ - ++ ++ ++

Small Intestine - - - - - + + + ++ ++ ++

Large Intestine - - - - - ++ ++ ++ ++ ++ ++

Submental LN ++ na na - ++ na ++ ++ - ++ +
Retropharyngeal
LN - - - + ++ ++ + + ++ ++ +

Submandibular LN + - ++ - + + - + na na na

Cervical LN ++ ++ - + ++ + ++ ++ ++ ++ ++

Gastric LN + - - + + ++ ++ ++ ++ + ++
Pancreatosplenic
LN - ++ - na na ++ - ++ ++ ++ ++

Mesenteric LN - - - ++ + - + ++ ++ ++ ++

Paracolic LN ++ - - ++ - - ++ ++ ++ ++ ++

Axillary LN - + ++ - ++ + ++ ++ ++ ++ ++

Inguinal LN - - - ++ + na na ++ na na na

Thymus - - - + - - + - ++ ++ ++

Spleen - ++ - - - ++ - ++ ++ ++ ++

PBMCs - - - + + + + ++ ++ ++ na

1J = juvenile;  2N = neonate
3All tissues were assessed in carefully controlled nested PCR reactions for
SIV gag DNA in 3 – 10 replicates. (See also Figure 1)
4”+” indicates ≤ 50% of PCR reactions were positive
5”-“ indicates all PCR reactions negative
6”++” indicates > 50% of PCR reactions were positive
7”na” indicates tissues were not assessed
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macaque.  In three macaques assessed at 1 dpi (2 neonates, 1 juvenile),

SIV nucleic acid was detected exclusively in the tonsil, oral, and

esophageal mucosa, but not in tissues below the esophagus (Table 3-1).

These findings indicate that the acidic environment of the stomach likely

represents a barrier to the passage of cell-free virus.  The tissue sites with

the most frequent SIV PCR+ samples (i.e. the oral and esophageal

mucosa) were observed in both neonate and juvenile macaques.

Utilizing the vaginal mucosal administration of SIV in macaques,

prior studies have identified SIV-infected dendritic (18 hours) and CD4+ T

cells (3 days) by in situ hybridization [89, 104] at or near the site of virus

exposure.  Mucosal tissues obtained from a 7 day SIV-infected macaque

in this study were first examined for the presence of susceptible target

cells as indicated by the positive immunostaining of viral receptor (CD4)

and co-receptor (CCR5) proteins.  Analysis of the oral mucosa squamous

epithelium identified frequent CD4+ cells in both the mucosa and

submucosa (Figure 3-2a).  In addition, CCR5+ cells, although less

numerous, were also identified in the submucosa of the oral gingiva

(Figure 3-2b).  Similar results were observed in the esophagus (data not

shown).  These CD4+ and CCR5+ cells may represent immune cells that

either reside in or are trafficking through these mucosal tissues [210].

Possibly due to the paucity of infected cells at 1 and 2 dpi, SIV RNA
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Figure 3-2.  SIV infected T cells and macrophages identified 4 and 7
dpi.
A) CD4 positive cells (arrows) were observed in both the stratified
squamous epithelium as well as the submucosa of the gingiva in a 7 day
infected macaque.  B) CCR5 positive cells (arrows), in the same
macaque, were less numerous and only identified in the submucosa
typically near blood and lymph vessels.  C, D, E) Identification of SIV
positive macrophage in the mesenteric lymph node 7 dpi.  C) SIV positive
cell shown in green.  D) HAM56 positive macrophages are labeled red.  E)
Overlay of C and D in which yellow/orange identifies an SIV infected
macrophage.  F) SIV infected HAM56 positive macrophage identified in
the submucosa of the esophagus at 4 dpi.  G) Several SIV infected T cells
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were identified in the paracolic lymph node of 30964 at 7 dpi (arrows).  H)
SIV infected T cells at a higher magnification were identified in the
paracolic lymph node of 30974 at 7 dpi.  (Magnification A, B (100X); C, D,
E, F (630X); G (200X); H (1000X))

positive cells in the oral and esophageal mucosa were not detected

utilizing in situ hybridization.  However, at 4 dpi, SIV RNA positive

macrophages were found in the submucosa of the esophagus (Figure. 3-

2f).  Although this time point is unlikely to reveal the initial target cell

infected, this is consistent with a potential role for macrophages in the

replication and dissemination of the virus at early times post-infection

[211].

Tissue distribution of SIV supports the rapid dissemination model

Numerous lymphoid tissues were analyzed to determine if the

spread of the virus more closely depicted either the ‘staged’ or ‘rapid’ viral

dissemination models [103].  Beginning at 4 dpi, levels of SIV DNA could

be accurately quantified by real-time PCR (>50 viral copies per microgram

of genomic DNA) in mucosal and lymphoid tissues (Table 3-2).  At 4 dpi,

high levels of SIV DNA were concentrated within tissues of the head and

neck (85 to 518 copies of SIV DNA per million cells) and were less

abundant in the abdominal/peripheral tissues.  The levels of SIV DNA

continued to increase through 7 dpi, at which time high levels of SIV DNA
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were observed within the abdominal tissues, such as the large intestine

and mesenteric lymph node, which is in agreement with previous studies

[119].  An assessment of the cell types potentially disseminating the virus

was undertaken utilizing in situ hybridization, combined with

immunofluorescence.  Both SIV-infected CD3+ T cells (Figure 3-2g, h) and

macrophages (Figure 3-2c, d, e, f) were identified at 4 and 7 dpi in various

tissues.  It is therefore likely that T cells and macrophages play key roles

in viral dissemination during the first 7 dpi, although spread via cell-free

virus is also probable.
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Table 3-2. Levels of SIV nucleic acid determined by TaqMan PCR in
macaque tissues at 4 and 7 dpi.

Copies of SIV gag DNA per
million cells

4 day 7 day
Tissue #333571 #299762 #309742

Esophagus 518 214 1174
Tonsil 85 301 107377
Retropharyngeal LN bd4 nt nt

Head  and
Neck Tissues3

Submandibular LN 493 219 nt
Stomach nt5 bd 246
Small Intestine bd bd 72143
Large Intestine nt 274 135050
Gastric LN bd bd nt
Paracolic LN 141 bd 1200

Abdominal
Tissues6

Mesenteric nt bd 71232
Peripheral
Tissue

Axillary LN bd nt 33769

133357 was a neonate.
229976 and 30974 were juveniles.
3At 4 dpi, tissues of the head and neck contained the greatest number of
infected cells.
4“bd” indicates levels of SIV DNA were below the level of detection.
5”nt” indicates the tissues were not tested by real time PCR.
6An increase in the amount of SIV DNA was observed at 7 dpi, particularly
in the gut associated lymphoid tissues.

Detection of SIV nucleic acid by real time and nested PCR, as well

as in situ hybridization, indicates that systemic spread of SIV has occurred

by 4, 7, and 14 dpi (Tables 3-1 and 2; Figures. 3-1, 3-2, and 3-3).

Dissemination of virus by 4 dpi is in agreement with numerous studies

assessing the application of virus to the vaginal mucosa [89, 103, 104,
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106].  Here, the ability to repeatedly detect 1 - 5 copies of SIV plasmid

DNA by nested PCR permitted the sensitivity necessary to assess for the

presence of SIV DNA in lymphoid tissues at 1 and 2 dpi.  Nested PCR

analysis of lymphoid tissues at 2 dpi revealed that SIV had spread to

many (17 of 24) lymphoid tissues (Table 3-1).  SIV positive lymph nodes in

the abdomen likely represent spread from the draining lymph nodes of the

oral and esophageal mucosa, although we cannot rule out entry of the

virus across the small and large intestines.  SIV gag DNA was identified at

1 dpi in 11 of the 37 lymphoid tissues examined including lymph nodes of

the head as well as gut-associated (gastric, pancreatosplenic, and

paracolic) and peripheral (axillary and cervical) lymph nodes (Table 3-1).

Viral RNA was also detected in many of these lymphoid tissues by RT-

PCR (Figure 3-1c) providing evidence that both forms of viral nucleic acid

were present.  Viral spread among tissues in different animals was

variable although certain patterns of viral dissemination could be

observed.  For example, cervical and axillary lymph nodes were SIV DNA

positive in most macaques by 1 dpi, whereas SIV DNA was not detected

in thymus and spleen until later time points.  The thymus produces new T

cells and therefore, the lack of SIV nucleic acid until relatively later time

points likely indicates that cells/virus do not traffic to the thymus.

Importantly, these analyses were undertaken in both neonate and juvenile
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SIV inoculated macaques.  The absence of any age dependent

differences implies that the mode of transmission and rate of spread is

similar irrespective of the age of the host.

Discussion

The development of an effective HIV vaccine to prevent

transmission requires a thorough understanding of all potential portals of

infection.  Therefore, the first goal of this study was to determine the most

common sites of infection along the alimentary tract following a

nontraumatic oral SIV inoculation of rhesus macaques.  To better visualize

the spatial relationship between the different SIV DNA positive tissues,

data from representative macaques in table 1 are presented in illustrative

form (Figure 3-3).  Tissues are depicted in their general anatomical

location.  The systemic dissemination of the virus is clearly demonstrated

by the numerous orange and red tissues at 4 dpi (Fig. 3-3c).  Data from 1

and 2 dpi indicate that the mucosal and lymphoid tissues in the head (oral
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Figure 3-3.  Anatomic distribution of SIV DNA detected in mucosal
and lymphoid tissues.

Data are based on Table 3-1.  The tissues are depicted in the
general locations in which they are found.  Four oral mucosa samples
were taken from each macaque (two from the top right gingiva and two
from the bottom right gingiva).  A representative monkey is depicted at 1
day (A), 2 days (B), and 4 days (C) post-oral inoculation.  At 1 dpi, the
DNA positive tissues were concentrated in the head and neck.  Within 2
dpi, the majority of the lymphoid tissues assessed contained SIV DNA.
Spread continued at 4 dpi as nearly all tissues examined were SIV DNA
positive.  Tissues are depicted as follows:  Red = 50% or more of the PCR
reactions were positive; Orange = less than 50% of PCR reactions
positive; Blue = no PCR reactions positive; Grey = tissues not available.

mucosa, esophagus, submandibular and cervical lymph nodes) contained

the highest frequency of SIV DNA-positive PCR reactions (Figure 3-3a,b).

The stratified squamous epithelium in the oral and esophageal mucosa is

similar to the epithelium present within the vaginal mucosa suggesting a

similar mechanism of entry at each of these mucosal sites.  DCs [89, 106]
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and T cells [92, 104, 105] have been implicated as the initial target cell

populations infected with SIV/HIV in the vaginal mucosa [103].  DCs,

possibly myeloid DCs or Langerhan’s cells, in the stratified squamous

epithelium may be playing a key role in transmission of the virus due to

the extension of DC processes to the mucosal surface, as has been

observed in columnar epithelial cells [212].  Alternatively, transmission

may be occurring across microscopic breaks between squamous epithelial

cells that provide access for the virus to infect the CD4+ and CCR5+ cells

present in the mucosa and submucosa.  Although the tonsils are a site of

infection[40], preferential infection of this lymphoid organ was not

observed in this study.  It is important to note that, like previous early

transmission studies [40, 89, 104, 201, 203, 204], this study also

employed a relatively high titer SIV inoculum (105 Tissue Culture

Infectious Dose 50% or 4 x 109 copies of viral RNA per mL) to ensure that

macaques studied at early time points would indeed be infected.

However, high rates of SIV infection can also be achieved by repeated

exposure to lower doses of SIV [213].  A recent study showed oral SIV

transmission in infant rhesus macaques following ingestion of breast milk

from their SIV-infected dams [214].  Copies of SIV RNA per milliliter of

milk ranged from 2 x 103 to 4 x 105, levels that are similar to HIV

concentrations observed in human breast milk and semen (as high as 1 x
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106 copies/ml) [215-217].  Although a more thorough understanding of the

mechanism by which SIV/HIV infects following oral transmission is still

needed, it is clear from our study that the oral and esophageal mucosa

and the tonsils are likely to be the most important sites of viral entry.

Therefore, these tissues should be a major focus of any additional studies

of HIV/SIV oral transmission.

Prior studies have indicated that systemic virus infection can be

prevented only by initiating effective antiviral interventions (antiretroviral

drugs or virus neutralizing antibodies) within a few hours of mucosal

exposure to SIV or simian/human immunodeficiency virus (SHIV) [191,

192, 218-221].  Our data suggest that following infection across the oral

and esophageal mucosa, SIV (free virions or infected cells) quickly gains

access to the draining lymph nodes.  Levels of viral RNA in the plasma

remained below the level of detection at 1 and 2 days post-infection,

however free virus in the blood or lymphatics may still play an important

role in viral spread.  In addition, the migration of infected cells from

mucosal sites of exposure into the draining lymph nodes could also play a

key role in establishing a systemic infection.  The identification of SIV-

infected CD3+ T cells and macrophages in this study implicates these

cells in SIV spread.  The oral mucosal lymph, containing free virus or

infected cells, drains predominantly into the submental, submandibular,
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and ultimately through the cervical lymph nodes.  The upper portion of the

esophagus also drains to the cervical lymph nodes.  Because of the high

volume of lymphocytes that traffic through a lymph node within a day, the

virus can rapidly spread from these regional nodes throughout the body

infecting new cells.  Efferent lymph from these draining lymph nodes

empties into the general blood circulation at the subclavian vein permitting

virus access to all tissues.  The rapid viral dissemination observed in this

study is in agreement with studies assessing vaginal transmission where

dissemination from the site of exposure occurred within 18 hours to 2

dpi[46, 89].  It is likely that the ability of the host’s immune response to

contain or eradicate the infection at the mucosal site of exposure would be

compromised by the rapid dissemination of SIV to the lymphatic

reservoirs.  The rapid dissemination observed here may help to explain

why antiviral therapies can effectively protect a monkey only if

administered within a few hours of mucosal exposure to SIV or SHIV [218-

220], and furthermore, why early anti-retroviral therapy following exposure

to HIV (i.e. needle stick injury) is crucial.

Previous studies have assessed the acute SIV infection as a

means of understanding how a vaccine/microbicide might best be

developed to prevent HIV transmission [103].  The majority of current

vaccines being tested in phase I/II clinical trials are designed to elicit an
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effective cytotoxic T lymphocyte (CTL) based immune response to HIV

[222-224].  Here we identify one of the hurdles that a vaccine needs to

overcome, the rapid spread of virus from the site of infection to tissues

throughout the body.  We speculate that a CTL-based response would

need to be mobilized very quickly to efficiently identify and kill infected

cells prior to viral dissemination.  In contrast, anti-HIV antibodies present

at the mucosal surface could potentially neutralize viral particles prior to

infection of the initial target cell [180, 221, 225, 226].  Therefore, a vaccine

able to elicit neutralizing antibodies, may be best suited for establishing an

immune response able to effectively resist a pathogenic SIV/HIV

challenge.
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CHAPTER 4:  Assessment of the Mucosal Innate Immune

Response and Its Relationship to Plasma Viral Loads, SIV

Env-Specific Antibodies, and Disease Progression

Introduction:

Mucosal barriers cover a surface area of more than 400m2 in an

adult and provide both mechanical and immunological protection against

environmental pathogens.  HIV, like many viruses, utilizes several

strategies that involve exploitation of the normal functions of the mucosal

immune system to cause infection.  The predominant mode of HIV

transmission in both developed and developing countries is via the

mucosal route following virus exposure to vaginal, rectal, penile, and oral

mucosa.  Indeed, mucosal transmission constitutes approximately 75% of

all HIV infections [26].  As described in detail in Chapter 1, oral HIV

transmission remains an important mode of transmission [27-31].

Newborns remain at risk of acquiring HIV via breast feeding from their

HIV+ positive mothers [27].  In addition, adults can become infected when

they engage in receptive oral intercourse [28, 29].

HIV/SIV induces the innate immune defenses immediately upon

infection of the initial target cell.  The first innate effector molecules

produced in response to viral infection are interferon alpha/beta and
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proinflammatory cytokines and chemokines.  Together, these molecules

are critical in controlling initial viral replication and dissemination, as well

as inducing and maintaining the adaptive immune response [227-234].  A

number of studies have investigated the role of innate immunity

(cytokine/chemokine levels) during HIV infection, as well as in vitro

analysis of peripheral blood mononuclear cells (PBMC) from chronically

infected patients [140, 149, 150].  Interestingly, HIV/SIV-induced cytokines

and chemokines exert both protective and pathogenic effects on target

cells [148, 149, 151-155, 235].  Early treatment of HIV-infected patients

with type 1 interferons reduces viral loads [136, 142-147], yet does not

prevent systemic dissemination of the virus [131, 132, 136].  SIV-infected

macaques generally develop detectable IFNα/β levels in their plasma

during acute infection, preceding or coincident with peak viremia, yet the

presence of IFNα/β does not prevent systemic infection [131, 132, 136,

148].  High levels of plasma IFNα/β persist in the presence of high plasma

viral loads and have been shown to correlate with rapid disease

progression and onset of simian AIDS [136, 148].  Activation of NK cells

during very early times post-infection has been observed, however, this

activity did not predict disease outcome [148].  The role of the innate

immune system in controlling early SIV/HIV infection has been gaining

support [156-159].  In three vaccine studies, vaccinated macaques that
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were protected from challenge had increased levels of innate immune

proteins and/or cells.  In one study, IFNα expression was increased in

peripheral blood mononuclear cells during early times post-challenge and

correlated with higher frequencies of SIV-specific IFNγ producing cytotoxic

T cells in the vaccinated-protected macaques, compared to vaccinated

macaques that were not protected [157].  In a second study, increased

levels of the innate immune cells, γδ T cells and DCs, at the site of

inoculation (tonsils) correlated with protection of the macaques from

challenge with a pathogenic virus [156].  The third study also observed

significant increases in γδ T cells at the site of challenge (rectal mucosa),

as well as the associated draining lymph nodes (iliac lymph nodes) [158].

The γδ T cells and DCs are capable of producing cytokines (IFNα/β, and

IL-12), as well as β chemokines (RANTES, Mip1α, Mip1β), which can

block HIV/SIV infection of target cells [156, 158, 159].  These studies

indicate the importance of innate immunity in protecting macaques from

SIV challenge, as well as inducing a protective adaptive immune response

to SIV.

During the course of HIV/SIV disease, there is a progressive

deterioration in the innate and adaptive immune systems that ultimately

results in opportunistic infections [140, 150, 236-238].  Following acute

infection, IFNα/β  levels drop to normal levels in the plasma before
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becoming elevated again during chronic infection when viral loads again

increase and the patients develop AIDS.  Studies performed in SIV-

infected macaques indicate that innate cytokine/chemokine (β chemokines

Mip-1α and Mip-1β, IFNα, and the IFNα stimulated gene MxA) expression

in lymphoid tissue is increased during chronic infection and this elevation

correlates with increased viral replication [136, 239].  This suggests that

viral replication drives the expression of these cytokines/chemokines,

rather than the cytokines/chemokines serving a protective role.  The

decreased levels (below two per microliter blood) of the IFNα-producing

plasmacytoid dendritic cells [140], the production of an abnormal acid-

labile form of IFNα [240, 241], and the loss of NK cell activity during

chronic HIV infection further indicate the dysfunction of the innate immune

response [242, 243].  These studies indicate that innate immune

responses become dysfunctional during HIV infection.

In contrast to numerous studies that have assessed innate

immunity in the blood and lymph nodes during HIV/SIV infection, very few

have examined the levels of cytokines, chemokines, and interferon

response genes at the mucosal surface [160, 161].  By 2 weeks post-

infection, differences in plasma viral loads are apparent.  Utilizing

microarray analysis of jejunal biopsies during acute (2 – 6 weeks post-

infection) SIV infection, reduced plasma viral loads observed in some



73

macaques directly correlated with markedly increased immune and pro-

inflammatory gene transcript levels [161].  Indeed, the macaques that

maintained lower viral loads had greater increases in cytotoxic factors (i.e.

granzyme A, lysozyme, and perforin) and proteins involved in MHC class I

specific antigen presentation [161].  These data indicate that early

induction of cell-mediated immune responses results in more effective

control of plasma viremia.  Interestingly, IFNα subtypes 6 and 8 were

significantly reduced in the jejunum at 2 and 6 weeks post-infection [161].

Moreover, significant down-regulation of important growth factors (i.e. IL-2,

TGF-β2) and cell cycle regulator proteins (i.e. cyclin E1, CDC2) in the

jejunum by 2 weeks post-infection suggests impairment of proliferation

and growth needed to repair intestinal epithelia and depleted CD4+ T cells

in the gut-associated lymphoid tissue [161].  However, antiretroviral

therapy given early (starting 6 weeks post-infection) in SIV infection

reduced mucosal inflammation as well as viral loads, while increasing

intestinal epithelial repair pathways and mucosal CD4+ T cell numbers

[160].  The macaques utilized in these studies were necropsied 26 weeks

post-infection and therefore, mucosal immune responses could not be

assessed with regard to clinical disease outcome (rapid versus slow

progressors).  Furthermore, assessments of SIV-specific immune

responses were not measured in these studies.  Even so, these studies
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indicate that increased expression of mucosal immune response genes

(i.e. IL-2, β2 microglobulin, SDF-1) that are important for eliciting a strong

cytotoxic T cell response during early times post-infection are important for

reducing plasma viral loads.

Utilizing the well-defined [39, 45-48] SIV infection of rhesus

macaques, we have previously identified the oral mucosa as a potential

site of transmission and documented the rapid viral spread throughout the

body within 1 – 2 days post-infection [244] (Chapter 3).  Here, we extend

these previous studies by assessing immunologic changes occurring at

mucosal tissues following nontraumatic oral SIV inoculation and the

correlation of these changes on SIV Env-specific immune responses and

disease progression.  These studies suggest that a timely production of

cytokines and chemokines at the site of inoculation is a healthy response

that may be important for limiting initial viral replication and establishing a

timely adaptive immune response.  Furthermore, these studies indicate

that during chronic infection, the recruitment of immune cells in response

to the production of mucosal cytokines/chemokines may be important for

maintaining healthy mucosal barriers and preventing the onset of

opportunistic infections.
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Results:

Plasma viral loads and disease course following oral inoculation

Evidence to date indicates that the most likely entry sites for HIV or

SIV administered to the oral cavity are tissues proximal to the stomach

[39, 45], including the oral and esophageal mucosa [244], as well as the

tonsils [40].  After entering into a new host, the orally transmitted virus

rapidly disseminates to draining and peripheral lymph nodes within 1 – 2

days [244].  When initiating these studies, we had two hypotheses: 1) An

innate immune response at the mucosal site of entry (oral mucosa) could

potentially have long-term benefits through the induction of a timely SIV-

specific adaptive immune response; and 2) Maintaining a healthy mucosal

barrier during chronic infection, as defined by expression of cytokines and

chemokines, could further provide long-term benefits by preventing the

onset of opportunistic infections.  To test these hypotheses, we performed

a high-titer, nontraumatic oral inoculation of six rhesus macaques, which

were followed throughout disease progression.  This is in contrast to the

macaques studied in Chapter 3, which were necropsied at early times

post-infection.  All of the macaques became infected and developed peak

viremia 1 - 2 weeks post-infection (Figure 4-1).  As is commonly observed,

there was a variable rate in
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Figure 4-1.  Longitudinal analysis of plasma viral load.
Plasma viral loads were assessed during the course of SIV infection by
bDNA.  Peak viral loads occurred between 1 – 2 weeks post-infection.
Viral loads then dropped and set points were achieved by 8 weeks post-
infection.  Shown in red is the rapid progressor RM11, in black are the four
intermediate progressors, and in green the slow progressor RM16.

disease progression in our cohort of macaques.  These outcomes

included one rapid progressor (RM11) [simian AIDS in 14 weeks], four

normal progressors [simian AIDS in 21 to 36 weeks], and one macaque,

RM16, was a slow progressor, as it did not exhibit any signs of simian

AIDS after 54 weeks of infection (Table 4-1).  The absence of disease

progression in spite of detectable plasma viral loads through 54 weeks

post-infection (at this time RM16 was taken off study and released to

another investigator) in RM16 indicates that this macaque can be
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Table 4-1.  Clinical and pathologic findings following SIV infection.

RM
no.

DPI Clinical findings
Pathologic findings at

necropsy
63
days

Diarrhea, Campylobacter coli

70
days

Diarrhea, esophageal Candida
albicans

85
days

Diarrhea, weight loss

95
days

Diarrhea, oral Candida albicans

RM11

99
days

Oral candidiasis, diarrhea,
weight loss, euthanasia

Peritonit is:  coagulase +
S t a p h y l o c o c c u s , K l e b s i e l l a
pneumoniae, Cryptosporidium
Femoral bone marrow:  E. coli,
group D Streptococcus  non-
Enterococcus
Gastritis, enteritis, colitis, cystitis,
glomerulonephritis
Encephalitis, focal cerebral
hematoma
Lymphoid depletion:  MALT,
lymph nodes, thymus

224
days

Increased heart respiratory
rates, labored breathing

RM12

227
days

Pneumonia, scrotal edema,
euthanasia

Colitis
Multifocal pneumonia
Generalized lymphadenopathy
Severe urinary bladder distention

54
days

Diarrhea, Campylobacter coli,
tr ichomonas, B l a s t o c y s t i s
hominis, Cryptosporidium

85
days

Diarrhea, Iodamoeba butschlii,
trichomonas

89
days

Diarrhea, Balantidium coli,
trichomonas

155
days

Diarrhea

163
days

Diarrhea

RM13

178
days

Diarrhea, colitis, weight loss,
euthanasia

Cholecystitis and choledochitis
Colitis; cultures of small and large
intestines negative for pathogens
Enlarged spleen

116
days

Diarrhea

139
days Nasal discharge

RM14

151
days

Weak, unsteady in cage, weight
loss, euthanasia

Thymic atrophy

196
days

Microcytic anemia

238
days

Nasal discharge: coagulase +
Staphylococcus

249
days

Weight loss, nasal discharge:
Moraxella

RM15

255
days

Dehydration, weight loss,
euthanasia

Pneumonia
Gastroenterocolitis:  nematode
infection
Choledochocystitis,
emphysema tous  cys t i t i s ,
hydronephrosis, hydroureter
Lymphadenopathy, splenomegaly
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designated as a slow progressor.  RM16 was taken off the study at 54

weeks post-infection in good health and was released to another

investigator at the California National Primate Research Center.  Follow-

up revealed that RM16 remained healthy until approximately 100 weeks

post-infection, at which time he developed opportunistic infections and had

to be euthanized at 106 weeks post-infection (Personal communication

with Dr. Koen VanRompay).  Similar to what has been observed by others,

a slower rate of disease progression correlated with lower plasma viral

loads in these animals [54, 55, 245-247].  The peak viral load in the slow

progressor RM16 was approximately half a log lower than that observed in

the other five macaques (Figure 4-1).  The most striking difference in this

slow progressor was the drop in viral load between peak viremia and the

set point viral load (weeks 2 – 4 post-infection).  All six macaques

demonstrated a drop in SIV viral load during this time, however the

decrease was greatest in the slow progressor (RM16).  A decrease of 37

fold was observed in RM16 compared to an average 5.8 fold decrease in

the other five macaques.  This decrease in plasma viral load may be the

result of an immune event that is critical to the slow progressor phenotype

observed in RM16.  Following the drop in acute viral loads, a set point viral

load was established around 6 weeks post-infection.  The set point viral

load in the rapid progressor RM11 was close to 108 copies of viral RNA
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per milliliter of plasma, while the set point in the slow progressor was

lower, ranging between 106 – 106.5 copies of viral RNA per milliliter of

plasma.  The set points for the normal progressors were intermediate

between RM11 and RM16, and were in the range of 107 copies viral RNA

(Figure 4-1).  Five of the macaques developed opportunistic infections of

the respiratory (i.e. Klebsiella pneumoniae, Moraxella, Cryptosporidium)

and/or intestinal tracts (i.e. Candida albicans, Blastocystis hominis,

Blantidium coli), and developed simian AIDS before being euthanized

(Table 4-1).  The significant differences in viral loads, as well as the

prevalence of opportunistic infections at the mucosal sites in the five

macaques that progressed rapidly to simian AIDS, suggest differences in

host immune responses may be influencing the rate of disease

progression.

Assessment of the mucosal immune response during acute SIV

infection (days 2 – 21)

Previously, we found SIV transmission preferentially occurs across

the oral and esophageal mucosa and rapidly spreads from the entry sites

to lymph nodes [244].  To assess the mucosal innate immune responses

during early times post-oral transmission (2 - 4 and 14 – 21 days post-

infection (dpi)), gingival and rectal biopsies were collected from each
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macaque at 2 – 4 dpi and 14 – 21 dpi.  Gingival biopsies consisted of oral

mucosal tissue taken from the gums of the lower right side of the mouth

just below the teeth.  Rectal biopsies were obtained approximately 5 cm

inside the anal canal.  Each biopsy was approximately 2mm in diameter

and 2mm deep consisting of squamous epithelium as well as underlying

connective tissue (Figure 4-2).  As described in the Materials and Methods

of Chapter 2, 13 immune response genes, as well as one housekeeping

gene (GAPDH), were originally assessed by real time PCR in each biopsy

sample.  Some genes did not achieve efficient PCR amplification to

quantify the levels of expression in all samples and other genes had

random patterns of expression that did not correlate with any other factors

and were therefore not included in further analysis.  However, six immune

response genes, including three cytokines (IFNα, IFNγ and IL-12), two

chemokines (IP-10, and Mig), and one interferon-stimulated intracellular

antiviral gene (2’-5’ OAS), did exhibit interesting patterns of expression.

Utilizing delta Ct values as previously described [157], an average fold

induction and standard deviation of the target gene was calculated for the

uninfected macaques and used to determine whether the target gene in

the infected animal was significantly increased.  Change in mRNA

expression of a target gene in an infected macaque was deemed
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significant if its induction or reduction was greater than two standard

deviations of the average of the four SIV negative controls (Figure 4-3).

Figure 4-2.  H & E stained section from a representative gingival
biopsy.
Depicted here is a cross-section of gingival tissue taken from a biopsy.
Notice that this biopsy contains stratified squamous epithelium as well as
underlying connective tissue of the submucosa.  Similar biopsies were
obtained from rectal mucosa tissue.
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Figure 4-3.  Depiction of real time PCR results analysis.
For each gene, the average level of four uninfected macaques was

utilized as a comparison to determine whether gene expression increased
or decreased during SIV infection.  The light grey box indicated a two
standard deviation range of the uninfected macaques.  Macaques that had
fold inductions greater than two standard deviations were considered
significant (green shaded area).  Macaques that had fold reductions
greater than two standard deviations were considered significantly
decreased (red shaded area).  Macaques with fold changes within the
grey shaded area were considered to be within the normal range of
uninfected macaques.  An average expression and two standard deviation
range was performed for each gene at each of the gingival and rectal
mucosal tissues.

Type I interferons are among the first effector molecules induced by

the host in response to viral infection.  Following oral SIV inoculation, IFNα



83

mRNA expression was assessed in the gingiva and the rectum of each

animal at 2 – 4 and 14 – 21 dpi.  Significant increases of IFNα expression

in the gingiva were observed in three macaques (RM14, RM15 and the

slow progressor RM16) compared to SIV negative controls (Figure 4-4a).

These significant increases in IFNα expression were maintained in these

macaques at 14 – 21 dpi.  Interestingly, in the three macaques that

progressed more rapidly to AIDS (RM11, RM12, and RM13), expression

of IFNα was not significantly elevated at either of the day 2 – 4 or 14 – 21

time points.  In contrast to IFNα expression at the oral mucosa, IFNα

expression in the rectal mucosa at 2 – 4 dpi was significantly reduced in

four of the macaques that progressed to AIDS, including RM11, RM12,

RM13, and RM15 (Figure 4-5a).  Although a number of studies have

demonstrated high levels of SIV replication by two weeks post-infection in

rectal mucosa[119, 248, 249], IFNα expression was not significantly

elevated in any of the macaques at 14 – 21 dpi.  Indeed, expression of

IFNα at 14 – 21 dpi was generally within the levels observed in SIV

negative macaques with the exception of RM15 and RM16, which had

significant reductions in IFNα expression at 14 – 21 dpi (Figure 4-5a).
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Figure 4-4.  Fold change of (A) IFNα, (B) 2’-5’ OAS, (C) IP-10, (D) Mig,
(E) IL-12, and (F) IFNγ mRNA in the gingiva of orally SIV-infected
macaques.
The fold change in immune response genes in the gingiva of six orally
infected macaques at 2 – 4, 14 – 21, and 70 days post-infection are
shown.  The rapid progressor (RM11) is shown in red, the slow progressor
(RM16) is green, and the intermediate progressors are grey.  The mRNA
levels shown are reported as fold change versus mRNA levels in matched
gingival samples of four uninfected macaques.  The grey shaded area
represents a two standard deviation range of uninfected macaques.  Bars
extending beyond the grey shaded box are considered significant.  See
also Figure 4-3.
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Figure 4-5.  Fold change of (A) IFNα, (B) 2’-5’ OAS, (C) IP-10, (D) Mig,
(E) IL-12, and (F) IFNγ mRNA mRNA in the rectum of SIV-infected
macaques.
The fold change in immune response genes in the rectal tissue of six
orally infected macaques at 2 – 4, 14 – 21, and 70 days post-infection are
shown.  The rapid progressor (RM11) is shown in red, the slow progressor
(RM16) is green, and the intermediate progressors are grey.  The mRNA
levels shown are reported as fold change versus mRNA levels in matched
rectal samples of four uninfected macaques.  The grey shaded area
represents a two standard deviation range of uninfected macaques.  Bars
extending beyond the grey shaded box are considered significant.  See
also Figure 4-3.

The type 1 interferon-stimulated gene, 2’-5’ oligoadenylate

synthetase (OAS), degrades viral and cellular mRNA, thereby limiting viral

replication and spread to other cells.  RM13 and the slow progressor

RM16 had significantly elevated levels (5-fold and 33-fold respectively) of

OAS mRNA expression in the gingiva at 2 – 4 dpi (Figure 4-4b).

Moreover, mRNA levels were also significantly elevated for OAS

expression in the rectal tissue of RM16 as well as RM14 (8-fold and 4.5-

fold respectively) (Figure 4-5).  These levels dropped to within normal

ranges in the gingival, but remained elevated in the rectal tissue at 14 – 21

dpi in the slow progressor RM16.  There was a significant reduction in

OAS expression in the rectal tissue of RM11, 12, and 13 at 2 – 4 dpi that

remained decreased at 14 – 21 dpi in RM11 and 12.  Overall, there was a

trend of down regulation of OAS expression in the rectal tissue and a

delay in gingival OAS expression observed in the macaques that
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progressed to AIDS.  Moreover, the macaques that exhibited a delay in

gingival OAS expression (RM11, 12, 14, and 15) also had higher plasma

viral loads (Figure 4-1).

The mRNA expression levels of two genetically and functionally

similar chemokines, IP-10 and Mig, that are induced by IFNγ and signal

through a common chemokine receptor, CXCR3, were then assessed in

the gingival and rectal tissues.  Significant increases at 2 – 4 dpi in the

gingiva of both IP-10 and Mig expression occurred in two macaques

(RM12 and the slow progressor RM16), while Mig expression alone was

increased in RM13 (Figure 4-4c,d).  By 14 – 21 dpi, five of the six

macaques exhibited significantly elevated expression of at least one of the

chemokines above the levels observed in SIV negative macaques.  At 2 –

4 dpi in the rectal tissue, RM13, 14, and the slow progressor RM16 had

significantly elevated levels of both IP-10 and Mig expression (Figure 4-5c,

d).  However, only two of these macaques (including the slow progressor

RM16) continued to exhibit significant increases in both chemokines at 14

– 21 dpi.  RM12 and the rapid progressor RM11 had significant reductions

between 10- and 50-fold in chemokine expression in the rectal mucosa at

2 – 4 dpi that remained reduced or within levels of SIV negative macaques

at 14 – 21 dpi.  Classically, IP-10 and Mig expression are known to be

induced by IFNγ and attract activated T cells, NK cells, and plasmacytoid
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dendritic cells through CXCR3.  IFNγ expression at 2 – 4 dpi in the

gingiva, however, was within normal ranges compared to SIV negative

macaques for RM13, 14, 15, and the slow progressor RM16 and

significantly reduced in RM12 and the rapid progressor RM11 (Figure 4-

4f).  The elevated levels of IP-10 and Mig in the gingiva at these

timepoints did not correlate with elevated levels of IFNγ mRNA.  We

hypothesize that the IFNγ that was driving the IP-10 and Mig expression

might originate from tissues other than the oral mucosa itself.

Alternatively, IFNα can induce IP-10 and Mig expression and may be the

driving force in the gingiva[149, 250].  In the rectal mucosa at 2 – 4 dpi,

RM13, 14 and the slow progressor RM16 had significant increases in IFNγ

expression, while RM15 and the rapid progressor RM11, had significant

decreases in IFNγ expression (Figure 4-5f).  By 14 – 21 dpi only RM14

and the slow progressor RM16 maintained significant increases in IFNγ

expression.  The cytotoxicity of NK cells, which is attributed to IFNγ

expression in HIV-infected patients and SIV-infected macaques [237], is

augmented by the presence of IFNα  and IL-12 [251].  IL-12 was

significantly increased in the gingiva of RM14 and the slow progressor

RM16 at 2 – 4 dpi (Figure 4-4e).  The rapid progressor RM11 had

significant decreases in both gingival and rectal IL-12 expression at 2 – 4

dpi that were maintained at 14 – 21 dpi (Figure 4-4e and 4-5e).  The



90

inability of the rapid progressor RM11 to significantly increase chemokines

(IP-10 and Mig), as well as IL-12 and IFNγ at early times (2 – 4 dpi) in the

gingival or rectal tissues, may indicate an early dysfunction in the immune

response to SIV infection that allows the virus to gain the upper hand

during the infection.

Assessment of the mucosal interferon response during chronic SIV

infection (Day 70)

The mucosal effector sites, particularly the intestines, are important

sites of early viral replication and CD4+ memory T cell depletion during

acute infection [119, 121, 124, 125].  The extensive CD4+ T cell depletion

during acute infection and the inability to continually replenish these cells

at these effector sites [127] likely contribute to the immune dysfunction

observed at the mucosal barriers.  Indeed, the five macaques euthanized

with simian AIDS during chronic infection had developed numerous

opportunistic infections of the gastrointestinal and respiratory tracts (Table

4-1).  Therefore, it was of interest to assess how the cytokine and

chemokine transcript levels at the mucosa were altered at the chronic

stage of infection.  Cytokine and chemokine expression were assessed as

described above and in Chapter 2 (Material and Methods) at 70 dpi in the

gingival and rectal tissues and compared to SIV negative macaques.
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As previously discussed, IP-10 and Mig are IFNγ inducible

chemokines that function to attract activated T cells, NK cells, and

plasmacytoid dendritic cells through the CXCR3 receptor.  Significant

increases in IP-10 and Mig expression were observed in the gingival

and/or rectal mucosa of two intermediate progressors (RM13 and RM14).

Moreover, significant reductions in chemokine expression were observed

in some of the macaques at 70 dpi in both the gingival and rectal mucosa

including the rapid progressor RM11.  In contrast to the intermediate and

rapid progressors, we measured significant increases in IP-10 and Mig

expression in the slow progressor RM16.  Indeed, increases of 145- and

730-fold in IP-10 and Mig expression respectively were measured at 70

dpi in the gingiva of the slow progressor RM16 (Figure 4-4c,d).  Moreover,

levels of IP-10 and Mig were also significantly induced in the rectal tissue

of RM16 by 7 and 36 fold respectively (Figure 4-5c.d).  These significantly

increased levels of the chemokines IP-10 and Mig in the gingival and

rectal tissues of RM16 suggested that effector cells capable of protecting

the mucosal barriers were trafficking to these sites.  Indeed, an H & E

analysis of cellular infiltrates in the slow progressor RM16 at 70 dpi

indicated elevated levels of cellular infiltrates in both the gingival and

rectal (Figure 4-6) mucosal tissues.  In the rectal mucosa these cells were

identified by cellular morphology by a pathologist as lymphocytes,
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plasmocytes and macrophages (personal communication with Dr. Ivona

Pandrea, Tulane National Primate Research Center).

Figure 4-6.  Inflammation in the rectal mucosa of the (A) slow
progressor RM16 and (B) rapid progressor RM11 at 70 days post-
infection.
Inflammation in the rectal mucosa of the slow progressor RM16 was
observed at 70 dpi correlating with significant increases in the expression
of chemokines IP-10 and Mig.  Similar results were observed in the
gingival mucosa as well.  Arrows indicate sites of cellular infiltrates.

IP-10 and Mig are IFNγ induced chemokines, therefore, it was of

interest to determine whether IFNγ expression correlated with the

chemokine expressions observed in the gingival and rectal mucosa.

Indeed, the levels of gingival and the rectal IFNγ expression were nearly

40- and 6-fold greater respectively in the slow progressor (RM16).

Therefore, it is likely that the elevated levels of IP-10 and Mig expression

were driven by IFNγ production in the mucosal tissues (Figure 4-4f).  In

contrast, IFNγ expression was significantly decreased in the gingiva of
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RM12 and the rectal tissue of RM13, RM15 and the rapid progressor

RM11.

IFNα is an important cytokine that not only induces expression of

antiviral genes, but also works synergistically with other cytokines to

enhance cellular functions.  Similar to acute infection, significant increases

in IFNα expression were observed in the gingiva of three macaques,

including the slow progressor RM16 (Figure 4-4a).  In contrast, IFNα

expression in the rectal tissue was either significantly decreased (RM11,

RM12 and RM15) or within normal ranges of SIV negative macaques

(RM13, 14, and 16) (Figure 4-5a).  However, significant increases in the

type 1 interferon-stimulated gene OAS persisted in the gingival and rectal

tissue of RM13 and the slow progressor RM16 during chronic infection

suggesting the presence of ongoing viral replication. IFNα and IL-12

enhance IFNγ expression resulting in more efficient killing by NK and T

cells [242, 243, 251].  However, IL-12 and IFNγ expression are impaired

during chronic HIV/SIV infection [252-254].  Accordingly, we observed that

rapid and normal progressor macaques expressed levels of IL-12 and

IFNγ in the gingival and rectal tissue within normal ranges or significantly

reduced levels compared to SIV negative macaques.  However, in the

slow progressor RM16, we observed significant increases of both IL-12

and IFNγ at both the gingival and rectal mucosa (Figure 4-4e,f and 4-5e,f).
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In summary, high levels of IL-12 and IFNγ expression in the gingival and

rectal tissues of the slow progressor RM16 correlated with high levels of

IP-10 and Mig expression, as well as protection from opportunistic

infections.

SIV-specific antibody response following oral inoculation

Studies in humans, as well as mice, have demonstrated that the

proper signals from the innate immune response are critical in establishing

and maintaining the adaptive immune response [227-234].  Previous

studies in HIV-infected humans and SIV-infected macaques have

demonstrated the importance of a rapid and sustained adaptive immune

response in controlling viremia and slowing disease progression [169,

255, 256].  Furthermore, a stronger adaptive immune response that is able

to recognize multiple HIV/SIV epitopes correlates with slower disease

progression [257, 258].  However, these studies have not addressed the

role of the innate immune response in inducing and maintaining the

adaptive immune response.  A timely, sustained expression of mucosal

immune response genes in the oral (IFNα, OAS, IP-10, Mig, IL-12, and

IFNγ) and rectal (OAS, IP-10, Mig, IL-12, and IFNγ) tissues was observed

in the slow progressor RM16, while delayed and/or transient expression

was observed in the other progressor macaques.  We hypothesized that
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an early, sustained induction of mucosal innate immune responses would

correlate with an early, sustained adaptive immune response.  Therefore,

a longitudinal assessment SIV Env-specific antibody response in the six

orally infected macaques was undertaken.

Env-specific IgG antibody responses in the plasma were measured

utilizing SIVsmB7 Env-based ELISA assays.  At the time of SIV infection,

all macaques were negative for Env-specific antibodies.  Following

infection, a variable SIV-specific antibody response characterized by end-

point titer and antibody avidity was observed in the six macaques (Figure

4-7a).  In the slow progressor RM16, Env-specific antibodies emerged at 2

weeks post-infection and achieved maximal, steady-state end-point titers

ranging from 51,200 – 102,400 by 6 weeks post-infection (maintained

throughout the study period of 50 weeks).  In contrast, a delay in

seroconversion and peak Env-specific antibody responses was observed

in the five macaques that developed AIDS.  Consistent with other rapid

progressors that we have observed, Env-specific antibodies in the rapid

progressor RM11 were very low and only transiently detected at 4 weeks

post-infection.  In the intermediate progressors (RM12, 13, 14, and 15),

SIV Env-specific antibody end-point titers were delayed until 3 – 6 weeks

post-infection and intermediate between the rapid and slow progressor

(Figure 4-7a).  In summary, seroconversion in the slow progressor RM16
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occurred rapidly (2 weeks post-infection) and achieved steady-state titers

by 6 weeks post-infection.  Furthermore, the SIV Env-specific antibody

response in RM16 correlated with the rapid induction of mucosal immune

response gene expression, as well as reduced levels of plasma viremia.

Following a quantitative analysis of antibody titers, the qualitative

analysis of Env-specific antibody avidity was assessed (Figure 4-7b).

Antibody avidity, or the resistance of the antibody-glycoprotein complex to

dissociate in the presence of 8M urea, was utilized as an assessment of

antibody maturation.  Avidity indexes greater than 35% were considered

mature antibodies in this assay.  The avidity indexes for RM11 and RM13

could not be measured in this assay due to insufficient antibody

concentrations.  Delayed or insufficient maturation of Env-specific

antibodies was observed in two progressor macaques, RM12 and RM14.

Avidity indexes initially increased in these macaques, but during the

course of infection, the immune response weakened and the avidity

indexes began to fall (Figure 4-7b).  RM15 and the slow progressor RM16

had increasing avidity indexes over the course of infection, however, in

RM15 these Env-specific antibodies were clearly not sufficient to prevent

the progression to simian AIDS, which occurred at 36 weeks post-

infection.  The slow disease progression in RM16 was associated with the

ability to rapidly mount a high-titer, Env-specific antibody response that
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continued to mature over the course of this study.  These data suggest

that a potent SIV/HIV antibody response in the presence of healthy

mucosal barriers may slow disease progression by reducing viremia, as

well as prevent opportunistic infections.

Figure 4-7.  Maturation of SIV envelope-specific antibody titers in
orally infected macaques.
A) Serum antibody endpoint titers were analyzed for reactivity to SIVsmB7
envelope proteins in the ConA ELISA.  Endpoint titers were determined to
be the last two-fold dilution with an OD450 twice that of normal monkey
serum and are reported as the log10 of the reciprocal endpoint titer.  B)
Maturation of SIV envelope-specific antibody avidity following oral
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inoculation.  Serum antibody responses were analyzed for reactivity to
SIVsmB7 envelope proteins in the ConA ELISA.  Antibody avidity was
determined by measuring the stability of the antigen-antibody complexes
to 8 M urea and is expressed as the (OD of wells washed with 8 M
urea/OD of wells washed with PBS) X 100. The rapid progressor (RM11)
is depicted in red squares, the intermediate progressors are in black, and
the slow progressor (RM16) is shown in green open circles.

Discussion:

The study presented here is the first:  1) To assess changes in

mucosal immune responses at the site of SIV inoculation during very early

times post-infection, 2) To assess changes in mucosal immune responses

throughout the disease course, 3) To assess the correlation between the

health of the mucosal immune response to changes in plasma viral load

and opportunistic infection/onset of simian AIDS, and 4) To assess the

correlation in the health of the mucosal immune response to SIV infection

with the time of onset, the strength, and the maturation of the SIV-specific

adaptive immune response.  Therefore, these studies have expanded our

knowledge with regard to the impact of SIV infection on mucosal immune

responses during both early and chronic phases of infection.

Studies from our laboratory, as well as others, have documented

the rapid dissemination of SIV to draining and peripheral lymph nodes

following mucosal transmission [46, 89, 103, 244].  Furthermore,
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numerous reports have now documented that acute viral replication in

mucosal CD4+ T cells results in dramatic and sustained depletion of these

cells within 21 days post-infection [119, 121, 124, 125].  Understanding

the mucosal innate immune response during acute and chronic infection

may provide important clues as to the entry, spread, and SIV/HIV-related

disease progression.  Therefore, we hypothesized that a timely mucosal

immune response at the site of viral entry (oral mucosa) could potentially

impact the initiation of the adaptive immune response.  Indeed, the slow

progressor (RM16) induced a timely, significant increase in the levels of

mucosal cytokine/chemokine expression in the gingival mucosa that was

associated with the rapid onset of a high titer Env-specific antibody

response, as well as a lower plasma viral load.  The coordinate increases

in mucosal innate immune responses and the plasma Env-specific

antibodies likely contributed to the lowest peak and set point viral loads.

In contrast, poor innate mucosal cytokine/chemokine expression observed

in the rapid progressor RM11 was associated with a delayed (4 weeks

post-infection), transient SIV Env-specific antibody response and higher

plasma viral loads.  The differences in cytokine/chemokine expression

patterns observed at the site of inoculation (gingiva) between the different

rates of disease progression (rapid, intermediate, slow) were directly

associated with the overall frequency of significantly increased immune
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response genes (IFNα, IFNγ, IL-12, IP-10, Mig, OAS) in the gingiva (Table

4-2).  The data presented in Table 4-2 represent the percentage of

significantly increased mRNA levels at the 2 – 4, 14 – 21, and 70 day time

points added together and divided by the total number of mRNA levels

assessed in each macaque at these time points.  In the rapid progressor

RM11, only 1 of 17 (6%) of the mRNA levels assessed were significantly

increased in contrast to the slow progressor RM16, which significantly

increased expression of 14 of 18 (78%) of the gingival mucosal mRNA

levels during the course of infection.  Intermediate progressors increased

29 - 53% of the their mRNA levels assessed in the gingiva, which were

associated with intermediate set point viral loads (Figure 4-1) and delayed

Env-specific antibody responses (Figure 4-7a).  These differences in the

levels of cytokine/chemokine expression may be due to the absolute

levels of CD4+ T cells, however, no correlation was observed between

peripheral blood CD4+ T cells at 8 weeks post-infection (700 – 3200 cells

per microliter of blood) and the mucosal cytokines/chemokines in the six

macaques.  To our knowledge, these studies are the first to demonstrate

an association between the timely induction of mucosal

cytokine/chemokine expression at the site of infection (gingiva) with the

rapid onset of Env-specific antibodies and reduced plasma viral loads in

the SIV/macaque model.  The ability of the slow progressor to produce
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high-titer, high-avidity Env-specific antibodies may be critical for reducing

the plasma viral loads to the lower viral set point, an event that has been

correlated with slower disease progression [54, 55, 245-247].  Therefore,

these data support our hypothesis that a timely induction of the mucosal

immune system may limit viral replication and spread thereby allowing

sufficient time for the adaptive immune response to better control the

infection.

Macaque

Number
significantly
increased

genes/total
number genes

assessed

Percent
significantly
increased

RM11 Rapid 2/18 11%
RM12 9/17 53%
RM13 5/13 39%
RM14 5/17 29%
RM15 7/17 41%

RM16 Slow 14/18 78%

Table 4-2.  Percentage of all genes assessed that were significantly
increased in the gingiva following SIV infection.
The number of significantly increased genes in the gingiva at all three
timepoints were derived from Figures 4-4 and 4-5.

During chronic HIV or SIV infection, the onset of AIDS is generally

accompanied by opportunistic infections (e.g. oral Candidiasis,

Pneumocystis, enteric cryptosporidiosis) at mucosal tissues.  We

hypothesized that maintaining a healthy mucosal barrier during chronic



102

infection, could provide long-term benefits by preventing the onset of

opportunistic infections.  Mechanistically, protection of mucosal barriers

may be through the recruitment of immune effector cells (CXCR3

expressing NK, T cells, or macrophages) that migrate to the mucosa due

to the elevated levels of IP-10 and Mig.  Indeed, the slow progressor

RM16 had elevated mRNA expression of IP-10 and Mig, which were

associated with increased levels of cellular infiltrates in the rectal mucosal

tissue (Figure 4-6) and the absence of opportunistic infections at 70 dpi.

In contrast, the rapid progressor RM11 developed an opportunistic

infection at 70 dpi (Table 4-1), at which time levels of many of the

cytokines/chemokines were significantly decreased resulting in an

absence of cellular infiltrates in the oral or rectal mucosa.  This indicates

that the ability to maintain a healthy mucosal barrier, as defined by the

presence of immune cells, may delay the onset of opportunistic infections

and disease progression.

The studies described here investigate one of the most interesting

riddles in HIV/SIV disease pathogenesis; why do some individuals

progress rapidly to disease whereas others do not exhibit any signs of

disease progression after many years?  The macaques utilized for these

experiments were outbred and therefore have a diverse genetic

background.  Genetic components known to influence HIV/SIV disease
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progression include major histocompatibility complex (MHC)

polymorphisms and deletions in the CCR5 gene [47, 59-63].  If distinctions

between rapid and slow progressors are genetic, our data suggest that

these genetic factors may be influencing the innate immune responses.

On the other hand, it may be that host genetic factors are not entirely

responsible for the differences in disease progression, but rather some

environmental factor present during the earliest events post-infection

skews the rate of disease progression.  For example, commensal

organisms present at the mucosal site at the time of infection may affect

long-term disease progression by influencing immune cells and the

numbers of SIV/HIV target cells.

The potential importance of a healthy mucosal barrier immune

response in delaying the progression to AIDS suggests that monitoring of

mucosal health may be important for deciding treatment options.

Currently, HIV-infected patients are monitored for two parameters, plasma

viral loads and the absolute CD4+ T cell counts in peripheral blood.

Numerous studies have now indicated the importance of the rapid

depletion of mucosal memory CD4+ T cells [119, 121, 124, 125] and the

ability to continually replace these cells at mucosal barriers [127].

However, these parameters may not accurately indicate the level of

susceptibility of these patients to opportunistic infections.  Here we
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describe for the first time, differences in mucosal immune response genes

at the oral gingiva and rectum of rapid, normal, and slow progressor

macaques and their association with the adaptive immune response and

rate of disease progression.  Interestingly, we found that changes in

mucosal immune response gene expression in the gingiva and rectum

were similar throughout infection.  Because of the similarity in expression

patterns in both mucosal sites and the difficulty acquiring rectal biopsies

from patients, physicians may be able to utilize gingival biopsies to

monitor mucosal sites of HIV+ patients.  Our data indicate that patients

with low levels of mucosal immune response gene expression would have

an unfavorable prognosis and suggests that other treatment options be

considered.

Our data also indicate that timing and location of innate immune

responses may be important during the earliest phases of infection.  Rapid

induction of innate immune responses at the site of infection (gingiva)

observed in the slow progressor RM16 were associated with rapid

induction of the adaptive immune response and lower plasma viral loads.

The ability to maintain mucosal immune response gene expression during

chronic infection was also important as the normal progressor RM15

developed high avidity Env-specific antibodies similar to the slow

progressor, yet had low levels of cytokines/chemokines/interferon
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response genes during chronic infection leading to the onset of

opportunistic infections.  The location of cytokine/chemokine production is

likely to be critical in understanding the role of these factors in controlling

SIV/HIV infection and their involvement in immunopathogenesis.  Here we

observed a direct correlation between high levels of mucosal

cytokine/chemokine expression and slow disease progression.  However,

several studies assessing lymph nodes and PBMC have indicated an

inverse correlation between levels of cytokine/chemokine expression and

disease progression [230, 259].  These studies indicate that the location of

cytokine/chemokine expression may influence the disease course.  Taken

together, we believe that augmenting mucosal immunity, while

suppressing viral loads during chronic HIV infection, will result in the

delayed onset of opportunistic infections and slower disease progression.

Lastly, these data have implications in maximizing mucosal efficacy

of HIV vaccines.  Macaques receiving an attenuated SIV vaccine have

previously been shown to be protected from wild type challenge virus in

the absence of an anamnestic antibody or cytotoxic T cell response [156,

158, 260].  The accumulation of mature dendritic and γδT cells (both cell

types can produce cytokines and chemokines capable of blocking SIV/HIV

entry) at the mucosal challenge site in vaccinated macaques correlated

with protection of these animals from challenge [156, 158].  Furthermore,
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vaccines utilizing pathogen associated molecular patterns, such as CpG

motifs, boost both innate and adaptive mucosal immune responses and

prevent infection with challenge virus in some animals [261, 262].  These

data support our findings that rapid induction of innate mucosal immune

response genes are associated with decreased peak plasma viral loads

and early induction of SIV-specific Env antibodies in the slow progressor.

The ability to study SIV-infected macaques throughout infection, including

the critical early events, has been very important in our understanding of

HIV infection.  Many studies initially performed in the macaque model are

now being confirmed in HIV-infected patients [119, 121].  Understanding

the viral and immune events during infection of macaques will likely lead

to our ability to create a more efficacious HIV vaccine, as well as design

improved immune therapies to slow disease progression.



107

CHAPTER 5:  Final Discussion and Future Experiments

Final Discussion

In this thesis we have demonstrated that SIV, and likely HIV,

preferentially infects across the oral and esophageal mucosa, as well as

the tonsils.  Although entry further down the alimentary tract cannot be

ruled out (stomach, intestines), the ability of the stomach acid to inactivate

virus makes this route of entry unlikely.  In addition, we observed that

when the oral inoculation did result in a productive infection, rapid spread

of SIV occurred, such that many lymphoid organs throughout the body

were SIV+ by 1 – 2 days post-infection.  These data support the rapid

dissemination model of spread following oral inoculation and provide a

mechanism for the rapid depletion of mucosal and secondary lymphoid

CD4+ T cells early in infection.  Figure 5-1 depicts the rapid spread of

SIV/HIV that occurs following oral transmission, and is likely reflective of

HIV transmission across other mucosal surfaces (vaginal, rectal).  The

rapidity with which SIV, and likely HIV, spreads throughout the lymphatics

indicates a major obstacle for a vaccine to eliminate infected cells prior to

dissemination.
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Figure 5-1.  Working model of the rapid dissemination model
following mucosal HIV/SIV transmission.

Vaccine trials currently in Phase II/III clinical trials are primarily

designed to elicit HIV/SIV specific CD8+ T cells and are not overly

concerned with production of HIV/SIV specific antibodies [263].  Cytotoxic

T cells are very effective in reducing chronic viral loads and slowing

disease progression [167, 169, 171, 257].  Although in the macaque/SIV

model, several studies have found that an amnestic CD8+ T cell response

is not detected in the blood, lymph nodes, or rectal mucosa for

approximately 7 days after detection of plasma viremia [264-266].  My

studies presented here, as well as several others, have now clearly

demonstrated that by 7 days post-infection SIV, and likely HIV, have
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disseminated throughout the lymphatics [46, 89, 103, 244].  Moreover,

rapid depletion of CD4+ memory T cells in the intestinal lamina propria as

early as day 6 post-mucosal transmission has been observed [124].  This

delay in SIV-specific T cell responses results in an approximately 5 – 7

day head start for the virus.  Under these circumstances, an amnestic

cytotoxic T cell response designed to contain and clear the infection would

be at a tremendous disadvantage.  I hypothesize that one reason SIV/HIV

cytotoxic T cell-based vaccines have not been able to provide sterilizing

immunity is due to the rapid spread of the virus that occurs during the lag

time required for an amnestic cellular immune response.  By the time the

CD8+ T cells are at sufficient numbers to fight the infection (approximately

day 7 post-infection), SIV/HIV has already established critical viral

reservoirs, as well as latently infected cells.  Therefore, I hypothesize that

mucosal antibodies that are able to block infection of the initial target cells,

may provide a better approach to achieving sterilizing immunity.  Several

studies have demonstrated the efficacy of passive administration of

neutralizing antibodies prior to or shortly after mucosal challenge in

completely blocking infection [180, 192, 267, 268].  The fact that

neutralizing antibodies can provide such effective immunity to challenge

suggests that future vaccine strategies should be aimed at inducing high

titer neutralizing antibodies at the mucosal surfaces.
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The virologic assessments performed in Chapter 3 required the

macaques to be necropsied at specified times post-infection.  Therefore,

we were unable to determine disease outcome in these animals.

However, based on the observations described in Chapter 3, a

longitudinal biopsy study was designed in which six new macaques were

orally infected with SIV and followed throughout the disease course.  The

study described in Chapter 4 utilizes these six macaques to assess

mucosal responses during acute and chronic SIV infection and correlates

mucosal immune responses with plasma viral loads, adaptive immune

responses, and disease progression.  The study presented in Chapter 4 is

the first:  1) to assess changes in mucosal immune responses at the site

of SIV inoculation during very early, as well as later, times post-infection,

2) to assess the correlation between the breadth of the mucosal immune

response to changes in plasma viral load, opportunistic infections, and

disease progression, and 3) to assess the correlation in the health of the

mucosal immune response to SIV infection with the initiation, strength,

and maturation of the SIV-specific adaptive immune response.

In Chapter 4, I initially formulated two hypotheses.  First, an innate

immune response at the mucosal site of entry (oral mucosa) could

potentially have long-term benefits through the induction of a timely SIV

specific adaptive immune response.  I found that early changes in
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mucosal immune response gene expression did correlate with lower set

point viral loads and the timely onset of SIV Env-specific antibodies.

Therefore, these data support the hypothesis that a timely induction of the

mucosal immune system may limit viral replication and spread, thereby

allowing sufficient time for the adaptive immune response to control the

infection.  My second hypothesis was that maintaining a healthy mucosal

barrier during chronic infection, as defined by expression of cytokines and

chemokines, could provide further long-term benefits by preventing the

onset of opportunistic infections.  The data also provide support for this

hypothesis, as the maintenance of healthy mucosal barriers, as

determined by elevated cytokine/chemokine expression, correlated with a

slower rate of disease progression and the absence of opportunistic

infections.  Interestingly, significant increases in the chemokines IP-10 and

Mig were observed in the slow progressor.  These chemokines are

capable of attracting activated NK and T cells, which may be important for

protecting the mucosal barriers from invading opportunistic infections.

The data regarding IP-10 and Mig expression in the slow progressor are

also interesting because these chemokines correlate with an unfavorable

disease prognosis when elevated in PBMC or lymph nodes [153, 269-

271].  Taken together, data from Chapter 4 suggest that during HIV/SIV
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infection, the timing and location of cytokine/chemokine expression may

be critical in determining viral set point and disease progression.

While investigations assessing innate mucosal immune responses

during acute and chronic SIV/HIV remain understudied, two studies

assessing mucosal immune responses support the importance of innate

cytokine/chemokine expression that we observed in our studies.  The first

investigation was a vaccine study that utilized an attenuated SIV strain to

assess immune components at the site of challenge (tonsils) to determine

which factors were important for preventing infection with the challenge

virus [156].  Interestingly, the authors found an accumulation of γδ T cells

and DCs (two cells of the innate immune system that are capable of

secreting numerous cytokines and chemokines) at the tonsils correlated

with resistance to the challenge virus in the absence of amnestic adaptive

immune responses [156].  The second set of studies utilized microarray

analysis of jejunal biopsies during early (2 – 6 weeks post-infection) SIV

infection [160, 161].  Here, reduced plasma viral loads in some macaques

directly correlated with increases in cytotoxic factors and proteins involved

in MHC class I specific antigen presentation [161].  These data indicate

that early induction of cell-mediated immune responses results in more

effective control of plasma viremia.  Significant down-regulation of

important growth factors (i.e. IL-2, TGF-beta2) and cell cycle regulator
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proteins (i.e. cyclin E1, CDC2) in the jejunum by 2 weeks post-infection

suggests a dysregulation of homeostatic pathways [161].  However,

antiretroviral therapy given early (starting 6 weeks post-infection) in SIV

infection reduced mucosal inflammation as well as viral loads, while

increasing intestinal epithelial repair pathways and mucosal CD4+ T cell

numbers [160].  These studies suggest that increased expression of

mucosal immune response genes during acute infection may be an

important indicator or initiator of an early, robust adaptive immune

response, which may then lead to reduced plasma viral loads.  These

studies support our data that innate mucosal immune responses during

both acute and chronic SIV infection are important in controlling viral

replication and spread, as well as for slowing disease progression by

preventing the onset of opportunistic infections.

Based on the results from Chapters 3 and 4, I hypothesize that a

vaccine capable of inducing neutralizing antibodies at the mucosal

surfaces, and also capable of priming the innate mucosal immune system,

will be best equipped to prevent infection following a pathogenic HIV-1/SIV

mucosal challenge.  Studies in Chapter 4 also suggest that therapies

aimed at boosting innate mucosal immunity, possibly through the

production of chemokines that are capable of attracting immune effector

cells to the mucosal sites, may slow disease progression by preventing
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opportunistic infections.  Immunization strategies are now beginning to

harness the power of the innate immune responses by incorporating CpG

motifs into the adjuvants to create more potent HIV/SIV vaccines [261,

262, 272-274].  I would hypothesize that utilizing pathogen-associated

molecular patterns as adjuvants to induce high titer neutralizing antibodies

at mucosal sites will be most effective in preventing new HIV infections.

Future Aims

The results of the studies discussed in Chapters 3 and 4 of this

thesis have provided novel insight into the events occurring at the mucosal

surfaces following nontraumatic oral SIV inoculation.  We have identified

the oral and esophageal mucosa as well as the tonsils as important sites

of viral entry.  Furthermore, we have observed an association between

elevated levels of innate mucosal cytokines/chemokines and the absence

of opportunistic infections during chronic SIV/HIV infection.  Based on

these results, future studies could be directed to address two distinct

goals.  The first goal would assess the role of preexisting mucosal

inflammation as a result of gingivitis in the success of oral SIV/HIV

transmission.  The second goal could be to mechanistically determine the

means by which the chemokines, IP-10 and Mig, impact the cellular
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infiltrates present at the mucosa and link these findings to events

occurring at the draining lymph nodes.

The nontraumatic oral SIV inoculations utilized in the experiments

discussed in this thesis were performed on macaques with healthy oral

and esophageal mucosa.  However, previous studies in vaginal mucosal

transmissions have indicated that preexisting inflammation due to

preexisting mucosal infections can result in microbreaks, ulcerations, and

thinning of mucosal tissues, which increase the susceptibility to an

HIV/SIV challenge [103].  Gingivitis, a common inflammation of the oral

mucosa, can be detected in approximately 70 - 90% of the adult human

population.  Gingivitis is an inflammation of the oral mucosal epithelial

cells at the base of the teeth, which results in the accumulation of

lymphocytes and monocytes, important target cells of SIV/HIV, near the

mucosal surface.  Rhesus macaques, such as those utilized in our

studies, do not normally develop gingivitis unless it is experimentally

induced (personal communication with Dr. David Capelli, University of

Texas Health Science Center, San Antonio, TX).  In collaboration with Dr.

Capelli, we are currently designing a study to assess the impact of

gingivitis on oral transmission of SIV in macaques.  We hypothesize that

the increased level of immune activation and reduced mucosal integrity in

the oral mucosa will impact the ability of SIV to induce a successful
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infection.  The studies performed in this thesis utilized high dose inocula to

produce successful infections.  However, to test the impact of gingivitis-

induced inflammation on successful oral transmission, repeated low dose

inoculations that slowly increase in TCID50 with each inoculation will be

performed.  The macaques can then be monitored for successful infection

to determine the TCID50 necessary to orally infect macaques with and

without gingivitis.  Moreover, nontraumatic biopsies of saliva can be taken

to study changes in cytokine/chemokine expression as a result of gingivitis

and SIV exposure.  Furthermore, these animals can then be followed

longitudinally to determine if preexisting inflammation also affects the

onset of SIV-specific adaptive immune responses.  Low dose challenges

will be important to perform in these studies as they depict a more natural

exposure to the virus concentrations present in breast milk and semen.

Given the high prevalence of gingivitis throughout the world and the

misconception that there is a relatively low risk of HIV transmission by

oral-genital sex, it is important to determine the role that low level

inflammation caused by gingivitis has on the ability of HIV to infect by the

oral route.  This is important because sex-workers in Africa are being

instructed that oral sex is a relatively safe sex act, however, the high

prevalence of gingivitis and periodontal disease [275] may render this

mode of transmission more risky than previously thought.
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The studies discussed in Chapter 4 are the first to assess the

correlations of innate mucosal immune responses throughout infection

with the plasma viral loads, SIV-specific adaptive immune response, and

clinical disease outcome.  One very interesting result was the observation

that during chronic infection the slow progressor (RM16) had very high

levels of the chemokines IP-10 and Mig at the oral and rectal mucosa.

These chemokines are important for attracting activated NK and T cells to

a site of inflammation.  An analysis of cellular infiltrates was performed on

H & E stained tissue sections from the mucosal sites of these macaques

and we observed that the slow progressor (RM16), as well as some of the

other macaques, had increased cellular infiltrates at the mucosa.  Future

studies could be designed to study the impact of IP-10 and Mig on

preventing disease progression in chronically infected macaques.  As

discussed in Chapter 4, IP-10 and Mig signal through a common receptor,

CXCR3.  Utilizing a blocking antibody to CXCR3, one could inhibit the

ability of cells expressing this receptor to migrate in response to IP-10 and

Mig.  In contrast, IP-10 and Mig could also be applied topically to mucosal

surfaces thereby causing an increase in the number of CXCR3+ effector

cells at the mucosal surfaces.  By altering the migration of CXCR3+ cells

to the mucosal surfaces, we could mechanistically understand the

importance of mucosal cellular infiltrates in preventing transmission as
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well as disease progression.  In future experiments we could use flow

cytometric analysis of lymphocytes collected from mucosal biopsies to

identify infiltrating cells and their state of immune activation.  In addition, I

believe it is also important to link the events occurring at the mucosal

surfaces with events occurring in the draining lymph nodes.  Assessing

the levels of innate immune response genes in the lymph nodes of these

same macaques will be very important in understanding how

cytokine/chemokine expression in the lymph nodes effects inflammation

and cellular infiltrates at the mucosa.  I am currently mentoring a graduate

student in the Sodora laboratory who will be continuing these studies to

determine the viral and immunologic events occurring in the lymph nodes

and correlating these results with the events occurring at the mucosal

sites.  The majority of HIV infections occur following mucosal exposure to

the virus.  Furthermore, current vaccine efforts are focusing on inducing

SIV-specific immune responses at the mucosal barriers.  Therefore,

assessment of the immune cells, as well as cytokines and chemokines

present at the mucosal barriers at the time of SIV inoculation, will certainly

provide valuable data that can be utilized in the development of an

efficacious HIV vaccine.  In addition, during chronic infection, a breakdown

in mucosal immune responses likely plays a key role in the development

of opportunistic infections.  Hence, understanding the cells present at the
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mucosa as well as the chemokines and cytokines necessary to recruit

these cells to the mucosa during chronic infection will likely aide in the

development of therapeutics to prevent opportunistic infections and inhibit

the progression to clinical AIDS.
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