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Abstract 
 

Compartmentalization, Tissue-Specific Selection and Mutation of Envelope V1 Region, 

Nef and Integrase of Neuropathogenic SIVsmmFGb in the Central Nervous System and 

Lymph Nodes of Infected Pigtailed Macaques at One Week and Two Months Post-

Infection 

By Aaron Bruce Reeve 
 

The simian lentivirus quasispecies SIVsmmFGb induces neuropathology in over 
90% of infected pigtailed macaques and is a reliable model of HIV neuropathogenesis.  
However, little is understood about the genetic diversity of this virus, development of the 
quasispecies over the course of infection, whether the virus compartmentalizes between 
tissues and how these compartments develop over time.  Initial seeding of the CNS and 
lymph node reduced Env V1 region and Int genetic diversity but had a variable effect on 
Nef.  By two mpi, selective pressures affected the diversity of Nef sequences between 
tissues, but changes to Env V1 region and Int variety were similar across all tissues.  At 
both one wpi and two mpi, env V1 region and int genes formed separate compartments 
between areas of the CNS, as well as between the CNS regions and the lymph nodes.  
The nef genes compartmentalized separately between all tissues at one wpi, but no longer 
segregated between lymph nodes at two mpi.  Negative selection on nef and int genes 
increased in the brain regions and one lymph node over time, while positive selection of 
env V1 region increased over time in some CNS regions.  Convergent evolution of both 
nef and env V1 region sequences, and divergent evolution of int genes, was noted 
between compartments.  Intra-tissue temporal segregation occurred for all three genes 
and was stronger in the CNS for env V1 region and nef.  Functional differences in int and 
env V1 region genes decreased between tissues over time, but functional differences in 
nef sequences increased. 

We also analyzed the Env V1 region, Nef and Int amino acid sequences for 
mutations in important functional domains.  The average Env V1 region length and 
number of O-linked glycosylations, as well as the presence of a six-amino acid insertion, 
increased over time in the CNS and lymph nodes.  For Nef, the prevalence of mutations 
increased over time in the basic region and N-proximal Y residues, but the frequency of 
mutations declined in the acidic region.  The proportion of mutations in the Nef 
thioesterase and AP interaction sites increased over time only in the CNS. 
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Introduction 

Epidemiology of HIV/AIDS 

 As of 2007, 30 – 36 million people worldwide were living with HIV, including 

1.2 million people in the United States (1).  Also in that year, approximately 2.7 million 

new HIV infections and two million HIV-related deaths are estimated to have occurred 

(1).  Roughly two million of those living with HIV in 2007 were infants and over 500 000 

children were born HIV-infected due to vertical transmission from infected mothers (1).  

Approximately 67% of all HIV cases worldwide, and 75% of AIDS-related deaths, are in 

sub-Saharan Africa (1). 

HIV-Associated Neurological Disorders 

 Beyond the systemic immunological effects of infection, HIV is also associated 

with neurological pathology.  The HIV-associated neurocognitive disorders (HAND), a 

group of neurological complications caused by direct or indirect viral mechanisms, affect 

one- to two-thirds of AIDS patients (2-4).  Though neurological symptoms are rare 

during the early stages of infection, some patients present with aseptic meningitis or 

meningoencephalitis during the acute phase (2).  The most common HIV-associated 

peripheral neuropathy is distal symmetrical polyneuropathy, which causes pain in the 

lower extremities and appears in approximately 30% of infected patients (5, 6).  

Neurological signs of this disorder, which are found at autopsy in virtually 100% of 

brains from AIDS patients, include macrophage activation and degeneration of the axons 

of sensory neurons (5, 6).  Minor cognitive/motor disorder (MCMD) is another HIV-

associated neuropathology that presents in approximately 30 – 50% of patients following 

progression to AIDS (7, 8).  Symptoms of this disorder, which include slowed thinking, 
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attention defects and motor defects in the extremities, usually have little or no impact on 

patient functioning (9, 10).  Although a mild neurological disorder, MCMD is predictive 

for the development of HIV-associated dementia (HAD) and encephalitis, as well as a 

worse prognosis for AIDS (7, 11, 12).  Inflammatory demyelinating polyneuropathy is a 

rare neurological complication that causes weakness in the extremities (6).  This disorder 

may become chronic and may arise during the acute stages of HIV infection (6, 13).  

Diffuse infiltrative lymphocytosis syndrome may result from HIV-induced infiltration of 

activated CD8+ T cells, leading to axonal neuropathy of the peripheral nerves (14). 

HIV-Associated Dementia 

 HAD is one of the most common syndromes in the HAND spectrum and the 

predominant cause of dementia among young adults in the United States (15).  HAD 

usually develops late in HIV infection, following immunosuppression, and is rare during 

the acute phase (16, 17).  However, even in the late stages of disease, not all AIDS 

patients will develop HAD and this variability may be due to a combination of host- and 

virus-specific factors (18).  The incidence of HAD has an inverse correlation with CD4+ 

T cell levels and a positive correlation with levels of viral RNA in the cerebrospinal fluid 

(CSF) (16, 19, 20).  Prior to the HAART era, and in patients without access to HAART, 

the six-month mortality of HAD patients is approximately 67%, higher than for 

opportunistic infections such as Pneumocystis carinii and cerebral toxoplasmosis, but 

comparable to the death rate from central nervous system (CNS) lymphoma (17).  

Progressive encephalopathy, a similar disorder in HIV-infected children, affects 20 – 

60% of pediatric HIV patients (21). 



3 
 

 HAD is a progressive disorder, with six stages of cognitive and motor symptoms 

(9, 18, 22):  In stage 0, patients have apparently normal levels of functioning and no 

obvious clinical symptoms.  Normal function continues through stage 0.5, with only 

slight motor impairments in the extremities.  Symptoms in stage 1 are comparable to 

MCMD or fatigue in uninfected individuals, with reduced ability to perform complex 

mental tasks, slowed thinking and minor impairments in fine motor control.  Stage 2 is a 

moderate disorder with impaired memory and cognition, slowed thought processes and 

notable motor defects.  At this stage, patients can take care of themselves but cannot 

work or walk without support.  In stage 3, patients have frank dementia, with significant 

impairments in memory and cognitive function, as well as severe deficits in fine motor 

control.  By the end stage, patients suffer paralysis and enter a vegetative state, with 

minimal cognitive function remaining.  The rates of symptom presentation and disease 

progression can vary greatly between HAD patients (18). 

 The diagnosis and progression of HAD can also be affected by a number of 

external factors.  Both MCMD and early-stage HAD symptoms bear some resemblance 

to clinical depression, complicating proper diagnosis in patients with pre-existing mental 

illness (18).  Ethanol can induce similar pathological mechanisms in the CNS as HIV and 

both alcohol and cocaine may affect HAD progression (23, 24).  However, other studies 

have demonstrated no difference in the presentation of behavioral symptoms or 

pathological lesions between cocaine treated and untreated controls in a SCID mouse 

model (25).  Use of injection drugs accounts for 16% of cases of HIV transmission in the 

United States and drug users represent a significant proportion of the HIV-infected 

population in this country (26).  Injection drug use is associated with an increased rate of 
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HAD progression, as well as increased turnover of microglia in the brains of HAD 

patients (27).  Opiate drugs, specifically, may significantly alter the phenotype of brain 

microglia and astrocytes and synergize with damaging viral proteins and neurotoxic 

mediators to damage neurons (28-30). 

HAART and HIV-Associated Dementia 

 The availability of highly-active antiretroviral therapy (HAART) has shown a 

dramatic impact on the presence and progression of HAD.  In the United States, HAD 

presents in approximately 10% of adult late-stage AIDS patients, but occurs in over 30% 

of patients where access to HAART is limited (22).  The advent of HAART has resulted 

in a 50 – 75% decline in the incidence of HAD from the early 1990s to the year 2000 (22, 

31, 32).  HAART has increased the median survival time from approximately one year to 

over four years for patients with any HAND disorder and from five months to 3.5 years 

for HAD patients (31).  Some studies suggest that reductions in plasma viral load by 

HAART may correlate with improvements in the psychological and neurological 

symptoms of HAD (21, 27, 33), but this correlation does not appear in all studies (34).  

Specific HAART drugs, particularly zidovudine, can improve memory, attention and 

cognitive function, as well as reducing the risk of developing HAD by up to 40% (35-40).  

HAART treatment has also halved the incidence of HIV-associated distal symmetrical 

polyneuropathy (32). 

 However, in the presence of HAART, the prevalence of HAND disorders is 

beginning to increase.  While the frequency of new HAD cases per year declined from 

the early 1990s to the year 2000, the total number of people with HAD increased by 50% 

during the same period of time (31, 32).  HAND syndromes, including HAD and MCMD, 
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are also beginning to present in patients with CD4+ T cell counts > 500 cells/uL, 

whereas, prior to the advent of HAART, this disorder would rarely appear until CD4+ T 

cell levels dropped below 200 cells/uL (32, 41).  The prevalence of MCMD has remained 

largely unchanged and the prevalence of distal symmetrical polyneuropathy has increased 

(32, 42).  As HAART increases the length of time patients can live with chronic HIV, 

more patients may be surviving long enough to develop HAD (43). 

 While HAART effectively targets HIV replication and reduces viral loads, these 

drugs do not affect the inflammatory and neurotoxic cascades induced by the virus (44).  

HAART compounds also may not adequately penetrate the CNS, which can then become 

a reservoir for virus replication and may re-establish infection in the periphery (45).  A 

typical HAART regimen consists of pairing two nucleoside reverse transcriptase 

inhibitors (NRTIs) with either a non-nucleoside reverse transcriptase inhibitor (NNRTI) 

or a protease inhibitor (46).  In general, antisense oligonucleotides and antiviral 

nucleosides penetrate the brain tissues poorly, although the latter compounds may be 

present at higher levels in the CSF (47-49).  Zidovudine reaches high concentrations in 

the CNS, but still less than the dose needed to be effective against even drug-sensitive 

virus strains (39, 40, 47).  NRTIs are generally effective at entering the CNS, but are 

actively removed from the brain by efflux transport and may cause distal symmetrical 

polyneuropathy (6, 50, 51).  The most commonly used NNRTI accumulates to effective 

concentrations in the CNS, and some other NNRTIs are capable of penetrating the blood-

brain barrier (BBB) (52).  However, the ability of NNRTIs to penetrate the brain varies 

and these compounds may have neurological side effects (45, 47, 53).  Most protease 

inhibitors penetrate the CNS poorly, are actively removed from the brain and have been 
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shown to cause distal symmetrical polyneuropathy in some studies (51, 54-57), but do not 

appear to be harmful in others (58). 

Lesions in HIV and SIV Neuropathogenesis 

 Although not all infected individuals develop a HAND disorder, 90% of AIDS 

patients not receiving HAART treatment show some pathological changes to the brain 

upon autopsy (59).  CNS imaging of live patients often detects cerebral atrophy and 

enlargement of the brain ventricles, with a direct correlation between these gross 

pathological changes and HAD severity (60).  Although not present in all patients, one of 

the most common lesions in the HIV-infected CNS is the multinucleated giant cell, 

arising from the fusion of infected monocyte-lineage cells, with viral Env proteins on 

their surface, and uninfected neighboring cells that express CD4 and CCR5 (61, 62).  

Other common lesions include monocyte-lineage cell proliferation in the CNS, migration 

of peripheral monocytes into the CNS and reactive gliosis, increasing the number and 

size of astrocytes (63).  Other lesions that appear in some HAD patients include foamy 

macrophage, pallor of the subcortical white matter and infiltration of peripheral 

lymphocytes (59, 61, 64).  Microglial nodules, associations of monocyte-lineage cells 

with infiltrating lymphocytes, are often present (59).  The level of monocyte infiltration 

and monocyte-lineage cell activation in the CNS correlates directly with the extent and 

severity of dementia (64-67).  In one study, the type of CNS lesion was shown to 

correlate with the severity of HAD, as patients with mild disease had gliosis and pallor, 

while multinucleated giant cell lesions were associated with severe dementia (9). 

 Productively infected cells and lesions are distributed throughout the CNS in SIV-

infected pigtailed macaques and HIV-infected human patients (3, 68, 69).  In HAD 
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patients, astrocytosis, neuronal loss, high viral loads and productively-infected cells are 

most common in the hippocampus, basal ganglia, brain stem and subcortical regions, 

while lesions in the cortex are rare (59, 61, 64, 68, 69).  Viral loads, lesions and 

productively infected cells are generally higher in the hippocampus, cerebrum and 

midfrontal cortex of SIV-infected macaques (70, 71).  As the basal ganglia and 

hippocampus are involved in memory and motor functions, lesions in these areas may 

explain some of the symptoms of HAD (72-76).  Damage to the cerebellum, which 

coordinates fine motor processes, is associated with ataxia, a common symptom of 

neuropathogenesis in SIV-infected macaques (77).  During the later stages of HAD, 

neurons are destroyed in the midfrontal cortex and the involvement of this region of the 

brain in cognition and motor control may also account for some symptoms (78). 

Pathways of Virus Entry into the CNS 

 The generally accepted hypothesis for HIV and SIV entry into the CNS is a 

“Trojan Horse” mechanism, similar to that used by visna virus (79-81).  In this model, the 

virus infects bone marrow-derived monocytes in the periphery (82).  While circulating 

monocytes have limited susceptibility to infection, those that are infected can traffic to, 

and seed, the CNS (83, 84).  These infected monocytes differentiate into perivascular 

macrophages and serve as reservoirs of active virus replication (79, 85-88).  Some 

infected monocytes may also replace parenchymal microglia, forming another cellular 

reservoir of virus production (89, 90).  Infected circulating monocytes may also assemble 

HIV virions into late endosomal compartments for later release, allowing cells infected in 

the periphery to spread virus into the CNS (91-93). 
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 The process of monocyte entry into the CNS likely parallels extravasation of 

circulating monocytes into the peripheral tissues (90, 94, 95).  The BBB consists of brain 

microvascular endothelial cells (BMVECs) connected by tight junctions and associated 

with a basement membrane, Pericytes, perivascular macrophages and the foot processes 

of astrocytes and microglia (90, 94).  The BBB screens out most large and polar 

molecules, as well as producing an electrical gradient by controlling ion traffic (90, 94).  

Pinocytosis by BMVEC is limited, but unidirectional transport mechanisms allow these 

cells to shuttle specific molecules to and from the CNS (90, 94).  Infection, inflammation 

and brain injury can induce cytokines such as TNF-alpha and IL1-beta, which increase 

adhesion molecule expression on the BMVEC, weaken tight junctions and stimulate the 

production of chemokines and matrix metalloproteinases (MMPs) (90, 94-97).  MMPs 

then increase the permeability of the BBB, while MCP1 and MIP1-alpha recruit 

additional monocytes to the CNS (90, 94, 95).  In HIV, viral Tat protein produced by 

infected monocytes both promotes rolling of circulating cells by increasing production of 

the vasodilator nitric oxide (NO) and increases adhesion molecule expression on 

BMVEC (98).  Tat may promote migration of peripheral monocytes into the CNS by 

stimulating the production of chemokines, such as MCP-1, or by acting directly as a 

chemokine (99-102).  Infected monocytes can also produce increased levels of NO and 

enzymes that degrade the extracellular matrix, increasing monocyte migration through 

the BBB (103).  A positive feedback loop may then be established, resulting in the mass 

infiltration of the CNS by monocytes during AIDS (90, 94, 95). 

 Other mechanisms of viral entry into the CNS have also been proposed.  HIV can 

establish productive infection in BMVECs, although it is not known whether these cells 
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express CD4 (104-109).  These cells do express CCR5 and CXCR4 and virus binding to 

these receptors may increase BMVEC adhesion molecule expression (107-109).  

Lentiviruses may enter the BMVEC through CD4-independent macropinocytosis, but 

most viruses taken up in this manner are degraded in the lysosomes (105, 106, 110, 111).  

However, some virions may survive to infect the BMVEC or transmigrate through these 

cells into the CNS (111, 112).  While HIV may access the CNS through gaps in the BBB, 

this mechanism is unlikely to contribute to virus entry (113).  T lymphocytes are known 

to patrol the CNS (114, 115) and infected CD4+ T cells may also traffic virus into the 

brain. 

Virus Target Cells in the CNS 

 Contributing to the inability of the host immune system to completely clear HIV, 

the virus can exist as a latent, integrated provirus in a number of cell types, including 

quiescent CD4+ T cells, dendritic cells and macrophages (116-118).  Macrophages are a 

particularly important reservoir, as they are permissive to virus replication and can store 

virus particles in multivesicular bodies for later exocytosis (93, 119, 120).  Tissue 

macrophages have a long lifespan, ranging from months to decades, and can release 

infectious HIV particles for long periods without suffering cytopathic effects (83, 84, 

121).  HIV also cannot be cleared from infected monocyte-lineage cells, such as 

macrophages, by HAART and these cells will remain a persistent reservoir even during 

treatment (83). 

 Most cells in the CNS that are productively infected with HIV and SIV are the 

monocyte-lineage parenchymal microglia and perivascular macrophages (70, 104, 113, 

122-125).  Perivascular macrophages are located within the basal lamina and perivascular 
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cuffs of the BBB, while microglia localize to the brain parenchyma (126, 127).  Both cell 

types are involved in CNS immune responses and damage repair, performing 

phagocytosis of pathogens, debris and apoptotic cells (113, 126).  Perivascular 

macrophages play a significant role in antigen presentation, while parenchymal microglia 

only become effective antigen presenting cells (APCs) upon activation (87, 128, 129).  

Perivascular macrophages have a lifespan of two to three months and are replaced by 

circulating monocytes, while parenchymal microglia have a slow turnover rate and are 

replaced by homeostatic proliferation (127, 129-131).  During infection and 

inflammation, the microglia population can also be rapidly replaced through recruitment 

of circulating monocytes (129). 

 Both of these monocyte-lineage cell types express CD4 and CCR5, but also have 

CXCR4 and other minor co-receptors for HIV and SIV (132-138).  Monocyte-lineage 

cells are permissive to virus replication even when not actively dividing, but must possess 

at least some proliferative potential for establishment of viral infection (139-142).  Virus 

replication in non-proliferating monocyte-lineage cells is generally low, possibly due to 

low levels of nucleosides (140, 141).  Activated monocyte-lineage cells accumulate in the 

perivascular cuffs during sustained virus replication, leading to an increase in numbers of 

potential target cells and infected perivascular macrophages (67, 125).  Parenchymal 

microglia are known to extend foot processes into the BBB (143) and this may be the 

avenue through which these cells are exposed to the virus and subsequently infected. 

  In SIV, perivascular macrophages are the cells most frequently infected and give 

rise to multinucleated giant cells, with the parenchymal microglia having a minor 

contribution to the infected cell population (79, 123, 125).  In some HIV studies, the virus 
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replicates well in microglia and multinucleated giant cell lesions arise from microglia 

syncytia (138, 144-146).  However, most of these analyses were conducted on cultured 

microglia, which easily become activated and susceptible to virus infection (86).  Other 

studies suggest that perivascular macrophages are the main cell population infected with 

HIV (147).  In some cases, HIV appears only in the perivascular macrophages and in 

others only in the microglia, so the predominant cell type infected may vary between 

virus strains or hosts (148). 

 Astrocytes, the most common cell type in the CNS, are spread throughout the 

brain and provide structure to the intercellular network, as well as managing the 

microenvironment of neurons (113, 149, 150).  Astrocytes guide axon growth and 

regulate extracellular concentrations of ions, solutes and neurotransmitters (149, 151).  

Astrocytes also maintain the BBB and are involved in cytokine, chemokine and immune 

responses to pathogens in the CNS (113, 149).  A heterogeneous population, different 

astrocyte subsets may perform specific functions (152).  Viral proteins, RNA and DNA 

have been detected in astrocytes from HIV patients, suggesting these cells are permissive 

to infection (149, 153-155).  Virus entry into astrocytes may be an endocytic process 

independent of CD4 and chemokine receptors (113, 156-158).  Active viral replication in 

astrocytes is transient, followed by downregulation of virus production and establishment 

of persistent infection (159, 160).  However, despite transient acute replication, astrocytes 

are not likely a source of virus production, with only limited expression of structural 

proteins and genomic viral RNA (149, 159).  Astrocytes may produce significant levels 

of early viral proteins, including Tat, Rev and possibly Nef (159, 161).  Limited virus 
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replication in these cells may be due to inhibition of reverse transcription, viral gene 

translation and nuclear export of early viral mRNA (158, 161, 162). 

 Neurons and oligodendrocytes, which form the myelin sheath around axons, have 

been shown to harbor HIV nucleic acids in some studies, but not in others (113, 163-

166).  Some virus strains may infect oligodendrocytes, primary cultured neurons and 

neural cell lines, but the mechanism of infection is unknown, as these cells do not express 

CD4 (113, 167-169).  Any productive infection in oligodendrocytes is extremely limited, 

but infection persists throughout the life of the cell (113, 168, 169).  Infection of neurons 

and oligodendrocytes is not believed to be an important phenomenon in 

neuropathogenesis. 

Virus Replication in the CNS 

 Virus infection of the CNS can be detected as early as one week post-infection 

(wpi) in SIV-infected macaques (81, 123, 124, 170).  Viral antigens appear in the CNS by 

one wpi and actively replicating virus can be detected in perivascular cells in the frontal 

lobe, temporal lobe and white matter (79, 123). The virus can also be harvested from the 

CSF within one wpi (171-173).  Viral RNA and integrated proviral DNA can be 

harvested from the basal ganglia, parietal cortex, thalamus and cerebellum by one wpi 

(79, 174).  By three wpi, SIV RNA can no longer be detected in most CNS regions, and 

actively replicating virus remains undetectable beyond 7 wpi (79, 174).  However, 

proviral DNA is present in multiple regions of the brain at one, two, three and seven wpi, 

indicating that the virus remains latent in the CNS and infected cells are not cleared by 

the antiviral immune response (79, 174).  Actively replicating virus can once again be 

detected in the CNS between 8 and 12 wpi (174, 175). 
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 The following mechanism for suppression of virus replication in the CNS is 

commonly accepted (176, 177):  In monocyte-lineage cells, the host transcriptional 

activator LAP interacts with the LTR of integrated lentiviruses, increasing the 

transcription of viral genes (178-180).  LIP, a dominant negative isoform of LAP, can 

also be expressed and interacts with the LTR to inhibit transcription (178-181).  During 

the acute phase of infection, IFN-beta is induced in response to virus infection in the CNS 

and stimulates monocyte-lineage cells to increase LIP expression (181-184).  Levels of 

both IFN-beta and LIP in the CNS peak at two to three wpi, around the onset of 

suppression of virus replication (176).  This pathway is known to suppress HIV 

replication in primary monocyte-derived macrophages and lung alveolar macrophages 

(176, 183, 185, 186).  As the primary target cells for HIV in the CNS are monocyte-

lineage, this type I interferon-dependent mechanism likely also suppresses HIV 

replication in the CNS (79).  Given that LIP represses cytokine-activated genes, this may 

also limit activation of monocyte-lineage cells in the CNS, reducing the pool of activated 

target cells permissive to virus replication (177, 187).  This mechanism may also limit the 

release of neurotoxic factors from activated macrophages, minimizing neurological 

damage during the early stages of infection (177, 187). 

 In studies with SIV, resumption of virus replication in the CNS during AIDS is 

associated with a renewed increase in the activation of monocyte-lineage cells (67, 79, 

80, 174).  It is possible that, without a properly-functioning immune system to regulate 

macrophage activation, virus-infected activated macrophages recruit additional 

monocyte-lineage cells to the CNS (80).  These cells then become activated, increasing 

the pool of potential target cells for virus replication and recruiting additional monocyte-
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lineage cells to the CNS (80).  The accumulation of activated macrophages leads to a 

build-up of neurotoxic mediators, formation of multinucleated giant cell lesions and 

neuropathology (80).  The presence of activated monocyte-lineage cells in the CNS 

directly correlates with the severity of dementia symptoms (67, 71). 

Acquired Immune Responses to HIV and SIV Infection of the CNS 

 The emergence of HAD after progression to AIDS suggests some role for the 

immune system in limiting neuropathology (3, 9, 188).  In human patients, deficient 

neutralizing antibody responses to HIV increase the risk of HAD development (189).  In 

SIV-infected macaques, deficient neutralizing antibody responses increase the severity of 

encephalitis and the rate of progression to neuropathogenesis (3, 190-192).  While the 

BBB normally impedes entry of peripheral antibodies into the CNS, Env can damage this 

barrier and allow extravasation of serum proteins, such as IgG (193-195).  In healthy 

individuals, B cells comprise 20% of the lymphocytes in the brain and, in acute HIV 

infection, antibody production is detectable within the intrathecal region (9, 115).  The 

early appearance of humoral responses, and their efficacy against the R5-tropic viruses 

which preferentially infect the brain, suggest antibodies are involved in adaptive 

immunity in the CNS (196-198). 

 In healthy individuals, CD4+ and CD8+ T cells patrol the CNS and act as 

important immune effectors (114).  The CD4:CD8 T cell ratio in healthy subjects is 

higher in the CNS than in the peripheral organs and the CNS has a higher percentage of T 

cells, in general, than the periphery (114, 115).  Studies in HIV-infected patients and in 

vitro models indicate that CD8+ and CD4+ T cell infiltration of the CNS increases during 

infection (199, 200), but these results have not been replicated and the contribution of T 
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cell responses is uncertain.  Patients with HIV encephalitis have greater numbers of 

infiltrating activated and memory T cells than both healthy controls and patients without 

encephalitis (199).  CD8+ T cell depletion triples the number of animals that develop 

encephalitis in SIV infections and CD8+ T cells reduce the number of SIV-infected 

perivascular macrophages in the macaque CNS (201, 202). 

Neurotoxic Viral Factors 

 Even in cells that do not support infection, viral proteins may still be capable of 

inducing deleterious effects.  Viral proteins may be released continuously from infected 

cells or en masse following cell lysis or apoptosis (203, 204).  Viral proteins, such as 

Env, that are expressed on virions and infected cells may bind receptors on the surfaces 

of uninfected cells, potentially activating signaling pathways (204).  Damaged neurons 

are frequently localized near infected cells, but neurotoxic factors may translocate to 

affect distant neurons (205, 206). 

 The primary mechanism by which the gp120 domain of the viral Env protein 

causes neuronal damage is through disruption of intracellular Ca2+ homeostasis.  Upon 

exposure to gp120, astrocytes undergo Na+/H+ antiport, transporting a proton out of the 

cytoplasm in exchange for a sodium ion (207).  The resulting pH increase in the 

cytoplasm causes the astrocyte to release K+ ions and glutamate (207).  The increased K+ 

levels in the extracellular microenvironment activate voltage-dependent Ca2+ channels on 

neurons, while glutamate stimulates n-methyl D-aspartate (NMDA) channels on these 

cells (207, 208).  Prolonged activation of these channels results in elevated intracellular 

Ca2+ levels, triggering mitochondrial production of reactive oxygen species (ROS), 

caspase cascades and death by apoptosis (204, 208-212).  The gp120 portion of Env may 
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also interact directly with NMDA receptors and voltage-gated Ca2+ channels on neurons, 

making these receptors more sensitive to subsequent increases in extracellular K+ and 

glutamate (210, 213-216).  Furthermore, gp120 may also bind CXCR4 on some neurons, 

triggering release of intracellular Ca2+ stores and further increasing cytoplasmic Ca2+ 

(217-219). 

 The gp120 protein may also activate monocyte-lineage cells, inducing the release 

of neurotoxic factors such as TNFalpha, IL-1 beta, leukotrienes, NTox, platelet activating 

factor and arachidonic acid pathway metabolites (220-224).   In glial cells, gp120 may 

increase production of MMP-9 and release of IL-1 beta in response to oxidative stress, 

contributing to apoptosis of neurons (225, 226).  Hippocampal neurons are preferentially 

destroyed in HAD and gp120, produced by astrocytes, damages these cells in neuron-

astrocyte cell culture (227, 228).  While neurotrophic factors, such as BDNF, protect 

neurons from the toxic effects of viral proteins, gp120 may reduce expression of BDNF 

by neurons and cause apoptosis by growth factor deprivation (229, 230).  The gp120 

domain may also bind receptors for the neurotrophic factor VIP, killing neurons through 

blockade of VIP receptor signaling and damaging astrocytes by reducing expression of 

the multifunctional glial fibrillary acidic protein (231, 232). 

 The Nef C-terminal domain is exposed on the outer leaflet of the plasma 

membrane of some cells and this protein may be incorporated in virions or released from 

infected cells (233, 234).  A non-myristoylated version of Nef is also produced that can 

be released upon lysis or apoptosis of an infected cell (235).  Interaction of this protein 

with astrocyte signaling pathways may result in glutamate release and excitotoxicity to 

surrounding neurons (236).  In cultured astrocytes, Nef increases the expression of 



17 
 

CXCL10, which can bind to CXCR3 on neurons and disrupt Ca2+ homeostasis (237, 

238).  CXCL10 may also increase the replication of HIV in monocyte-lineage cells and 

expression of this protein is elevated in the CNS of patients with HAND spectrum 

disorders (237, 239).  Recombinant Nef added to media is toxic to human glial cells and 

may disrupt the K+ channels of neural cells in culture (240, 241). 

 The viral Tat protein in serum may cross the BBB and Tat produced within the 

CNS can be transported along neuronal pathways, allowing neurotoxic activity at sites far 

removed from infected cells (205).  Tat binding can depolarize neurons, disrupting the 

voltage-gated channels to allow Ca2+ influx, as well as cytoplasmic release of 

intracellular Ca2+ (209, 211, 212, 242-244).  Tat can also bind glutamate receptors on 

NMDA channels, increasing both Ca2+ influx and the effects of subsequent glutamate 

binding (212, 245).  Tat-induced decreases in glutamate re-uptake by HIV-infected 

astrocytes may further increase signaling through glutamate receptors, enhancing 

neuronal death (211, 246).  Tat may also interact with non-NMDA receptors to cause 

similar excitotoxic effects (247, 248).  Through different mechanisms, Tat may also kill 

BMVECs and induce production of TNF-alpha, leading to further apoptosis of neurons 

(248-250).  Tat can also promote microglial migration by inducing production of MCP-1 

from infected microglia and causes production of MMP-1 and MMP-2 in 

astrocyte/neuron co-cultures (101, 251).  Additionally, Tat may induce production of 

quinolinic acid when expressed in infected monocyte-lineage cells (252, 253).  Tat and 

gp120 can both disrupt lipid metabolism in neurons, leading to ceramide accumulation 

and subsequent apoptosis (254). 
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 The N-terminal region of the viral Vpr protein can form cation channels in the 

plasma membranes of neurons, causing depolarization and Ca2+ influx (255).  Vpr may 

also signal through receptors on the neural cell surface to activate pro-apoptotic caspase 

cascades (256).  The viral Matrix protein has similarities to host IFN-gamma and may 

interact with IFN-gamma signaling pathways to prime HIV-infected macrophages in the 

CNS for subsequent activation (257, 258).  In vitro, the gp41 domain of Env induces the 

expression of inducible nitric oxide synthase (iNOS) in glial cells and release of IL-1 beta 

by microglia, triggering NO production by astrocytes (259, 260).  Alone, gp41 may also 

induce production of MMP-2 from glia and neurons in culture, while whole HIV virions 

stimulate release of MMP-2 and MMP-9 (261, 262).  While both Rev and Vpu have 

neurotoxic potential, neither has been found in the extracellular space in HIV-infected 

CNS tissue (204, 263, 264).  In addition to the actions of the viral proteins themselves, 

antibodies to gp41, Nef and Matrix may cross-react with epitopes on astrocytes, leading 

to potential autoimmune responses (265-267). 

Neurotoxic Factors Released by Host Cells 

 Uninfected cells in the CNS may also produce additional neurotoxic molecules in 

response to viral proteins or host cellular factors released by infected cells.  Activated 

HIV-infected macrophages release a number of potentially neurotoxic mediators, 

including TNF-alpha, IL-1 beta, platelet-activating factor (PAF), quinolinic acid, NO and 

prostaglandins (216).  The neurotoxic effects of these molecules have been studied 

extensively in tissue culture and elevated levels of these mediators have been detected in 

the CNS of HAD patients (268, 269).  HIV-infected macrophages express increased 

levels of MIP-1alpha and MIP-1beta (270).  Astrocytes and microglia in the brains of 
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HAND patients also express high levels of MIP-1alpha and MIP-1beta mRNA, directly 

correlating with the severity of dementia (270).  Monocytes and lymphocytes recruited to 

the CNS by these chemokines may become additional targets for virus replication. 

 At high enough levels, TNF-alpha binding to TNF receptors on oligodendrocytes 

and neurons may trigger apoptosis of these cells (271-274).  In conjunction with 

glutamate, which may be increased in the extracellular space by Tat and gp120, TNF-

alpha activates AMPA glutamate receptor channels on neurons, disrupting Ca2+ 

homeostasis (275).  In astrocytes, TNF-alpha alters Na+/H+ transport, causing neurotoxic 

effects similar to gp120, and can prevent glutamate re-uptake by these cells (276, 277).  

TNF-alpha can also synergize with Tat to increase oxidative stress and subsequent 

neuronal apoptosis (278).  In the brain, ceramide may be produced in response to TNF-

alpha, contributing to neuronal apoptosis under conditions of oxidative stress (279, 280).  

TNF-alpha can also stimulate astrocytes to produce potentially neurotoxic cytokines, 

such as IL6, IL8, MCP-1, RANTES, GM-CSF and M-CSF (281, 282).  In addition, TNF-

alpha may promote increased CCR5, CXCR4 and CCR3 expression, increasing the 

susceptibility of target cells to viral infection (282).  However, TNF-alpha also promotes 

expression of Bcl-2 and other protective factors in neurons, reducing the impact of 

excitotoxic stimulation and disruption of Ca2+ homeostasis (283, 284). 

 IL1-beta can alter Na+/H+ transport in astrocytes, disrupting Ca2+ homeostasis in 

neurons, similar to the effects of TNF-alpha and gp120 (276).  This cytokine can also 

lead to proliferation of astrocytes, potentially causing the astrocytosis and gliosis seen in 

the brains of HAD patients (285).  IL1-beta, as well as TGF-beta, can induce iNOS 

production by microglia and astrocytes, an effect that is enhanced in the presence of 
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TNF-alpha or IFN-gamma (286-288).  TNF-alpha and IL1-beta can also act 

synergistically to induce oligodendrocyte apoptosis (216).  Like TNF-alpha, IL1-beta can 

stimulate astrocytes to release potentially neurotoxic cytokines, such as IL6, IL8, MCP-1, 

RANTES, GM-CSF and M-CSF, and can upregulate cellular expression of CXCR4, 

CCR5 and CCR3 (281, 282). 

 In the uninfected CNS, GM-CSF and M-CSF promote the activation and 

proliferation of microglia (289-291).  Both GM-CSF and M-CSF stimulate HIV-infected 

microglia to produce beta-chemokines, which recruit peripheral monocytes to the CNS, 

further increasing the pool of virus target cells (290).  While beta-chemokines generally 

inhibit HIV replication by competing for CCR5 and other co-receptors, at high 

concentrations these chemokines form aggregates that stimulate potential virus target 

cells and make them more susceptible to HIV infection (290, 292, 293).  M-CSF can 

activate monocytes in circulation and recruit these cells to the CNS, further increasing 

accumulation of macrophage and activated target cells that support HIV replication (294).  

M-CSF may also increase expression of CD4 and CCR5, and inhibit LIP, in macrophage, 

making these cells more susceptible to productive infection (295-297).  GM-CSF alone 

also increases HIV replication in cells of the CNS (291). 

 A number of other cytokines are also involved in HIV neuropathogenesis.  IFN-

gamma is produced at increased levels by activated macrophage in the HIV-infected CNS 

(298, 299).  This cytokine activates astrocytes and promotes the release of TNF-alpha, 

IL1-beta and quinolinic acid from astrocytes and monocyte-lineage cells in the CNS 

(300-302).  IL8 can impair long-term potentiation in neurons and may recruit and activate 

peripheral monocytes and T lymphocytes, increasing the pool of potential virus target 
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cells (303, 304).  SDF-1 signals through the CXCR4 chemokine receptor to directly 

induce apoptosis of neurons (219).  IL6 in the CNS may promote neuron survival and 

offer some protection from excitotoxic stimulation, but other data suggests this cytokine 

increases NMDA receptor signaling and disrupts Ca2+ homeostasis in neurons (305).  

MCP-1 can protect neurons from excitotoxic stimulation through the NMDA receptors, 

but may also recruit HIV-infected leukocytes to the CNS and promote expression of 

factors that increase BBB permeability (149, 306, 307).  While IL4 reduces activation of 

monocyte-lineage cells in the CNS, and lowers TNF-alpha and NO production by these 

cells, production of this cytokine by macrophage is reduced in the HIV-infected CNS 

(269, 298, 308). 

 Quinolinic acid is a metabolite of the kynurenine pathway that may damage 

neurons by stimulating NMDA receptors and disrupting intracellular Ca2+ homeostasis 

(309-311).  Quinolinic acid causes apoptosis of astrocytes, through lipid peroxidation and 

production of free radicals, and may induce these cells to produce MCP-1, RANTES and 

IL8 (282, 312).  This molecule can also increase CXCR4, CCR5 and CCR3 expression, 

potentially making target cells more susceptible to HIV infection (282).  Arachidonic 

acid is another neurotoxic mediator, released following NMDA receptor signaling, which 

can further increase NMDA signaling and disrupt Ca2+ homeostasis in a positive 

feedback loop (313).  This may be exacerbated by arachidonic acid inhibiting glutamate 

re-uptake by astrocytes (314). 

 NO, generated by iNOS at increased levels following exposure of astrocytes and 

monocyte-lineage cells to gp120, is an ROS by-product of arginine metabolism that may 

act directly on neurons to induce apoptosis (315-319).  While HIV-infected macrophage 
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produce increased levels of superoxide anion (SO), these cells also increase production of 

the SO dismutase enzyme (SOD) (318).  However, SO reacts with NO faster than SOD 

can consume SO, forming new ROS which then interact with NMDA channels on 

neurons to disrupt Ca2+ homeostasis (257, 320).  Peroxynitrite, one of the products 

formed by NO and SO, damages the structural support proteins of neurons, an effect that 

may be exacerbated by high levels of SOD (320, 321).  Free radicals produced by cells 

during oxidative stress also modify proteins into protein carbonyls and generate highly 

reactive aldehydes (280).  These molecules are detected at increased levels in the CNS of 

HAD patients and are capable of modifying proteins, as well as disrupting cellular 

replication, transcription and translation (280, 322, 323). 

 PAF is a potentially neurotoxic mediator produced during interactions between 

astrocytes and HIV-infected macrophages (324).  This molecule disrupts Ca2+ 

homeostasis in neurons both by stimulating NMDA receptors and by inducing release of 

quinolinic acid, TNF-alpha and IL1-beta from monocyte-lineage cells (252, 324-326).  

Like many of the other potentially neurotoxic factors, the amine NTox also disrupts Ca2+ 

homeostasis in neurons by stimulating the NMDA receptors (220).  HAD patients have 

increased levels of MMPs in the CSF and these enzymes may play a role in the 

disruptions of the brain extracellular matrix that are often seen in these individuals (327, 

328).  Besides disrupting the extracellular matrix, MMP2, specifically, can cleave SDF-1 

to produce a polypeptide that is capable of killing neurons (329). 

HIV and SIV Envelope V1 Region 

 The gp120 domain of the Env protein has five highly conserved regions, C1 – C5, 

and five highly variable loops, V1 – V5 (330).  The binding site that recognizes CD4 on 
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the target cell surface spans the C3 and C4 regions, with some contribution from amino 

acid residues in other regions (330).  Co-receptor binding is determined largely by the V3 

variable loop, with the V1 and V2 variable loops also playing a vital role in viral tropism 

(330-337).  Changes in the length of the V1 region affect co-receptor usage, as viruses 

with longer V1V2 regions are more likely to maintain R5-tropism over the course of 

infection (335, 338).  Along with the other variable loops, the V1 region also determines 

the overall structural stability of gp120 and may affect the ability of host antibodies to 

bind V3 and other regions of the protein (334, 339, 340). 

 The V1 region is a highly immunogenic linear epitope, readily recognized by 

neutralizing antibodies, and may be the target of strain-specific antibodies in infected 

hosts (335, 339, 341-343).  However, the V1 loop is also the region of gp120 that 

develops the greatest amount of variability over the course of infection (344-346).  Due 

to pressure from the humoral immune response, the V1 loop undergoes increases in 

length and changes in glycosylation profile, resulting in viruses in the later stages of 

infection that are resistant to antibodies to the same virus population early in infection 

(335, 347, 348). 

 N-linked glycosylation (NLG) is the addition of a complex carbohydrate chain to 

an N amino acid residue in the sequence N-X-S or N-X-T, where X is any amino acid 

except P (349-352).  A complex carbohydrate chain may also potentially be added to any 

structurally available S or T residue as an O-linked glycosylation (OLG) (353, 354).  The 

V1 loop has been shown to have a number of potential sites for both NLGs and OLGs 

(348-351, 353).  In HIV-2 and most SIV strains, the V1 region has a greater number of 

conserved potential OLGs than HIV-1 and related SIV strains (348, 353).  In SIV 
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specifically, the number of OLGs in the V1 region increases over the course of infection, 

correlating with the development of gp120 resistance to neutralizing antibody (355).  The 

gp120 CD4-binding site is flanked by the variable loop glycosylated regions, which may 

shield this highly conserved site from recognition and binding by host antibodies (330). 

HIV and SIV Nef 

 The non-structural gene nef codes for a multifunctional accessory protein that is 

one of the first produced following establishment of infection (356-358).  While there is 

less than 40% sequence homology overall between HIV-1 Nef proteins and those from 

HIV-2 and most SIV strains, most of the important functional and structural domains are 

highly conserved (359-361).  Nef is modified by the host N-myristoyl transferase 

enzyme, adding myristoylic acid to the N-terminal MGxxxS domain and allowing Nef to 

associate with host cell plasma membranes (330, 360-363).   Despite lacking catalytic 

activity, the conserved functional domains of Nef interact with host cellular factors to 

alter the function of infected cells, performing a multitude of functions important to viral 

replication and pathogenesis (81, 116, 359, 361-370).  Nef is essential for maintenance of 

high viral loads and progression to AIDS, with defective nef genes correlating with long-

term non-progression (361). 

 One important function of Nef is downregulating the expression of CD4 on 

infected cells, which aids the release of progeny virions by reducing the number of CD4 

molecules that could trap new viral particles on the host cell surface (371, 372).  Reduced 

CD4 expression may also prevent superinfection, which can result in premature cell death 

(372, 373).  The MGxxxS, EEEE62, FPD121, D/ExxxLL165, EE154 and DD174 domains of 

the Nef protein interact with the cytoplasmic tail of CD4 and components of the host 
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endocytic machinery (361, 374-383).  These molecules, including clathrin complex AP2 

subunits, V1H subunits of the vacuolar ATPase and beta-COP coatamers, assemble with 

CD4 and Nef in clathrin-coated pits (330, 361, 364, 374, 378).  CD4 is then internalized 

and targeted for lysosomal degradation at a much more rapid rate than in normal turnover 

(330, 361, 384).  Nef may also traffic CD4 directly from the trans-Golgi network (TGN) 

to the endolysosomes, further reducing cell surface expression of this molecule (375, 

376). 

 The Nef protein also interacts with the clathrin-coated pit machinery to 

downregulate CD28 from the surface of infected lymphocytes (361, 364, 385).  The 

MGxxxS, D/ExxxLL165 and other domains interact with the cytoplasmic tail of CD28 

while other regions of Nef recruit the endocytosis machinery, as described (385, 386).  

Nef can also downregulate the expression of CD80 and CD86 on APCs by inducing 

actin-dependent endocytosis and trafficking of these molecules to the TGN (387, 388).  

Downregulation of these costimulatory molecules may reduce signaling through the T-

cell receptor in activated, virus-infected lymphocytes, preventing activation-induced 

apoptosis (361, 364, 386, 388).  Downmodulation of these molecules may also reduce the 

strength of interactions between lymphocytes and APCs, allowing infected T cells to 

traffic into the periphery more easily, increasing dissemination of the virus (361).  

Reduced levels of costimulatory molecules on infected APCs also prevents these cells 

from activating virus-specific naïve T cells, reducing antiviral immune responses (387). 

 The MGxxxS, PxxPxR, FPD121, EE154 and EEEE62 domains of Nef can interact 

with the cytoplasmic tails of MHCI molecules in infected cells (389, 390).  Nef recruits 

cellular proteins, including PI3K and PACS1, which cause endocytosis of MHCI from 
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the plasma membrane and accumulation of this molecule in the TGN (361, 364, 389, 391, 

392).  Specifically downregulating HLA-A and –B MHCI molecules protects infected 

cells from cytotoxic CD8+ T cells, but Nef does not affect HLA-C and –E, which guard 

cells from destruction by natural killer (NK) cells (361, 390, 393).  In APCs, Nef can 

downregulate cell surface expression of MHCII and simultaneously upregulate 

expression of the MHCII invariant chain (Ii) (361, 364, 367, 394).  This prevents infected 

APCs from presenting viral antigens to CD4+ T cells, reducing virus-specific immune 

responses (361, 364, 367, 394).  The MGxxxS, PxxPxR, D/ExxxLL165 and EEEE62 

domains of Nef interact with the cytoplasmic tail of MHCII and the mechanism of 

downregulation may be similar that for MHCI (361, 367, 394).  The Ii upregulation 

function is genetically separable from MHCII internalization, involves the D/ExxxLL165 

motif and may overlap with downregulation of CD4 and CD28 (361, 386). 

 Nef can reduce cell surface expression of CCR5, CXCR4, CCR3, CCR2 and 

CCR1, which may allow evasion of virus-specific immune responses by making infected 

cells less responsive to chemokines (395).  Downregulation of CCR5 and CXCR4 may 

also prevent superinfection (373, 386, 396, 397).  The mechanism of chemokine receptor 

internalization involves the intracellular loops of the chemokine receptor, as well as the 

PxxPxR, EEEE62 and PACS-interaction domains of Nef (373, 397). 

 Nef can interact with a number of signaling molecules, including Hck, Lyn, LAT, 

Lck, PAK1/2, PKC, PI3K, Vav, and Raf1, to co-opt the NFkB and MAPK pathways, 

closely replicating signaling through the T-cell receptor (TCR) (361, 398-407).  This may 

also sensitize infected cells to exogenous TCR stimulation, allowing these cells to 

become activated more easily and enhancing virus replication (359, 361).  A number of 
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these signaling molecules are Src family tyrosine kinases, which have SH3 domains that 

can interact with the PxxPxR domain of Nef (404, 405, 408).  The MGxxxS, PxxPxR, 

FPD121 and RR105 domains of Nef may recruit PAK1/2 into a complex with PI3K and 

Vav, inducing signals that lead to cell proliferation, rearrangement of the cytoskeleton 

and protection from apoptosis (359, 361).  Nef can also prevent apoptosis in infected cells 

by associating with cellular factors that block ASK1 and by repressing signaling by pro-

apoptotic Bcl-2 family proteins (361). 

 In HIV-2 and most SIV strains, Nef interacts with the cytoplasmic tail of the TCR 

zeta chain to downregulate cell surface expression of CD3, a function absent in HIV-1 

and some SIV strains (366, 409).  Downregulation of CD3 may prevent continuous 

signaling through the TCR from leading to activation-induced apoptosis, while Nef 

interaction with TCR signaling pathways provides the cell with survival signals (366, 

386, 409-411).  Interaction between Nef and the TCR zeta chain may also increase 

expression of Fas L on the surface of infected cells, which can then trigger apoptosis in 

virus-specific CD8+ T cells (361, 400). 

HIV and SIV Integrase 

 Integrase is a structural protein that coordinates insertion of the reverse 

transcribed, linear, double-stranded viral DNA into the host chromosome (330, 358).  

During this process, Int removes a dinucleotide from each strand of the viral DNA, 

yielding 5’ strand overhangs (412-415).  Int then cleaves target sites in the host 

chromosome and ligates the resulting free 5’ ends to the free 3’ ends of the double-

stranded, linear viral DNA molecule; Int can also perform ‘disintegration’, reversing this 

process (412-415).  All three of these functions require specific interaction of Int with the 
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LTR sequence of a double-stranded, linear viral DNA molecule and a number of cellular 

proteins may also be involved (416, 417). 

 Both the section of the genome coding for Int, and the protein itself, are highly 

conserved, with Int from HIV-1, HIV-2, SIV, ASV, FIV, and RSV and other retroviruses 

having a high degree of similarity (418-424).  The most highly conserved region of Int is 

the core domain, which is indispensable for all enzymatic functions of the protein (418-

427).  The core domain functions as a dimer and may associate with divalent cations 

(428, 429).  The core alone is capable of disintegration, but the other domains of Int are 

required for strand transfer and DNA processing (422, 425, 430).  The N-terminal domain 

is also highly conserved, containing a zinc-finger motif that may be involved in Int 

multimerization and DNA binding (330, 415, 417, 425, 426, 431).  The C-terminal 

domain, which non-specifically binds DNA and may be involved in Int dimerization, is 

the least conserved region of the protein (330, 415, 417, 421). 

The SIV-Macaque Animal Model of HIV Neuropathogenesis 

 Macaques infected with SIV show CNS lesions similar to HIV patients, with 

multinucleated giant cells, gliosis, monocyte infiltration, microglial nodules and 

microglial activation (432-435).  Besides accurately reflecting the course of 

neuropathogenic lentiviral disease in a primate host, the SIV-macaque model of HIV 

pathogenesis has a number of other benefits over study of HIV in humans.  The SIV-

macaque model allows study of early events in the acute stage of infection, while it is 

difficult to know precisely when human patients have been inoculated.  It is also difficult 

to sample the brains of human patients early in infection, whereas SIV-infected macaques 

can be sacrificed to analyze the CNS in acute infection (64).  The genetic composition of 
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the inoculating virus in human patients cannot be known ahead of time, and is difficult to 

determine after infection, while macaques can be infected with specific strains (64).  

Also, the route of virus infection can affect the complexity of the transmitted 

quasispecies, with intravenous (i.v.) inoculation yielding a more diverse virus population 

(436).  In humans, the exact route of transmission may not be known in many cases.  

Finally, it is easier to take longitudinal fluid and tissue samples from macaques, as some 

tissues are difficult to sample in humans and patients may drop out of studies (64).  

Because of these factors, SIVsmm infection of macaques is considered an excellent 

model of lentiviral pathogenesis and neurological disease in a primate host. 

 The simplest method to study lentiviral neuropathogenesis is to infect macaques 

with a primary SIV strain and then analyze the results.  However, most SIV strains do not 

consistently induce neuropathogenesis in enough animals for efficient study.  Studies 

analyzing animals infected with SIV, both naturally and under experimental conditions, 

found 25 – 50% of animals develop neurological lesions and SIV neuropathogenesis (70, 

123, 124, 437-439).  While the reason for the limited development of SIV 

neuropathogenesis is unknown, there are likely host-specific factors, as some animals 

inoculated with the same virus, under the same conditions, develop neurological disease 

and others do not (170).  Although the percentage of animals developing SIV 

neuropathology is similar to the percentage of HIV patients that develop HAD, this is not 

a reliable model for research.  Most refinements to the SIV-macaque model have focused 

on increasing the percentage of experimental animals that develop neuropathology. 

 In one model, animals were infected with SIVmac239, which does not normally 

infect the CNS (440).  The bone marrow from these animals was then mixed with 
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macaque brain homogenate and the cellular mixture inoculated directly into the brain of 

another macaque.  Bone marrow cells from this macaque produced CNS virus replication 

and neuropathogenic infection when inoculated directly into the brains of subsequent 

macaques.  The virus was then isolated and could induce neuropathogenic infection when 

inoculated directly into the brains of subsequent animals.  However, when animals were 

inoculated via a peripheral route, the virus did not replicate in the periphery or invade the 

CNS.  As HIV is usually transmitted via a mucosal route, and successfully invades the 

CNS, this model does not accurately reflect the natural transmission and seeding of a 

neuropathogenic lentivirus. 

 In another model, a macaque was inoculated with SIVmac251 and microglia from 

this animal were then injected i.v. into another macaque (122).  While the original 

macaque showed no neuropathogenic effects, the macaque inoculated with microglia 

demonstrated neurological symptoms and developed the classic pathology of CNS 

infection.  These results were repeated when microglia from the second animal were 

harvested and inoculated into other macaques.  However, although model has proven 

valuable for investigations of lentiviral neuropathogenesis, transfer of microglia does not 

accurately represent natural transmission of HIV.  In addition, the authors did not discuss 

systemic infection, viral loads or CD4+ T cell counts.  It is also unknown how the 

injection of virus infected microglia establishes subsequent infection in the CNS. 

 Another study used a pathogenic SHIV that was passaged through rhesus 

macaques and harvested from the CSF (441).  In pigtailed macaques infected with this 

virus, proviral DNA was found in multiple regions of the CNS.  However, the 

characteristic lesions of lentiviral neuropathogenesis were not detected and CNS lesions 
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only arose in animals with secondary infections.  Results were similar in rhesus 

macaques, with proviral DNA and actively replicating virus detected in the CNS, but 

lesions only from secondary infections.  While capable of neuroinvasion, and establishing 

productive infection when administered through peripheral inoculation, this virus did not 

induce the primary neuropathology necessary to be a good model of HIV. 

In another model, researchers depleted CD8+ T cells, and then infected macaques 

with a pathogenic SIV strain (202, 442).  In this system, 80% of animals developed 

neuropathogenesis and CNS lesions were comparable to infected animals that had not 

been CD8+ T cell-depleted.  Although this model increased the frequency of neurological 

infection, it does not represent natural HIV infection, where CD8+ T cell responses in the 

CNS would exert selective pressure on the virus. 

Another group harvested a neurovirulent SIV strain that was able to induce 

neuropathology, but was not neuroinvasive and could not successfully enter the CNS 

(440).  This strain was paired with an infectious, but not neurovirulent, primary SIV 

quasispecies and subsequently induced neuropathogenesis in 80% of co-infected animals 

(443).  This study also demonstrated genetic compartmentalization, with the 

neuropathogenic virus infecting the CNS and the primary quasispecies establishing 

infection in the periphery.  This model, containing a viral quasispecies with one genotype 

that successfully infects the CNS, is closer to a natural HIV infection.  However, rather 

than a single neurovirulent genotype, we would expect a natural HIV quasispecies to 

contain many different strains with a range of neuropathogenic potential.  While this 

system may induce neuropathogenesis with increased reliability, the virus inoculum does 

not fully represent the genetic variety expected in a natural HIV quasispecies. 
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SIVsmmFGb Virus Isolation and Characteristics 

 Our lab has been able to isolate a novel SIV strain, which was found to reliably 

induce neuropathogenic infection in 90 – 100% of infected pigtailed macaques (444).  In 

the course of other studies, sooty mangabey FGb at the Yerkes National Primate 

Research Center was found to be infected with both SIV and STLV.  At sacrifice, SIV-

infected cells were detected in the lymph node of this animal, but no infected cells 

appeared in the CNS and FGb did not present with neurological symptoms.  As part of a 

study analyzing dual SIV/STLV infection, blood from FGb was transfused into two 

pigtailed macaques, two rhesus macaques and two sooty mangabeys.  While the sooty 

mangabeys showed no signs of disease, the pigtailed and rhesus macaques progressed to 

simian AIDS within 5 months and 1 year, respectively.  At sacrifice, both pigtailed 

macaques and one rhesus macaque presented with SIV-infected multinucleated giant cells 

in the CNS and neurological symptoms characteristic of SIV neuropathogenesis.  Based 

on the clinical severity of symptoms and CD4+ T cell counts at the time of sacrifice, 

ROn2 was the most highly infected rhesus macaque, while PGm was the most highly 

infected pigtailed macaque.  To obtain stocks of this SIV strain, human PBMCs were 

cultured with cells obtained from the mesenteric lymph node of PGm or with CSF from 

ROn2.  Supernatants from both cultures were found to be free of STLV, ensuring that 

only the SIV strain was carried forward, and were used as stocks for PGm- and ROn2-

derived SIV viruses. 

 In vitro studies with the two virus stocks demonstrated that the ROn2-derived 

virus replicated to 2 x 106 cpm/mL by one wpi in pigtailed macaque PBMCs, while the 

PGm-derived virus replicated to 1.5 x 106 cpm/mL by 10 days post-infection (dpi).  In 
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rhesus macaque PBMCs, the ROn2-derived virus also replicated to 2.0 x106 cpm/mL by 

one wpi, while the PGm-derived virus replicated to 1.0 x 106 cpm/mL by 7 dpi.  By two 

wpi, the PGm-derived virus replicated to 3.9 x 105 cpm/mL in pigtailed macaque 

macrophages, while the ROn2-derived virus replicated to 2.3 x 105 cpm/mL.  In rhesus 

macaque macrophages, the PGm-derived virus replicated to 1.3 x 104 cpm/mL by two 

wpi, while the ROn2-derived virus replicated to 1.7 x 105 cpm/mL. 

 Subsequently, 12 macaques were infected with the ROn2 and PGM virus stocks, 

with three rhesus macaques and three pigtailed macaques receiving each virus.  All of the 

pigtailed macaques progressed to simian AIDS, with signs of SIV encephalitis and SIV-

infected cells in the CNS.  While all three pigtailed macaques infected with the PGm-

derived virus died within five months post-infection (mpi), two animals infected with the 

ROn2-derived virus survived until 8 mpi.  All of the rhesus macaques progressed to 

simian AIDS, but symptoms were less severe than in pigtailed macaques and only a 

single animal infected with ROn2-derived virus developed encephalitis.  The mean 

survival time for infected rhesus macaques was 16.5 months and there was no correlation 

between survival time and whether the animals received ROn2- or PGm-derived virus.  

The number of CD4+ T cells declined rapidly in pigtailed macaques, with these cells 

virtually absent in some animals at sacrifice.  In rhesus macaques, CD4+ T cell numbers 

declined gradually and all animals had > 250 cells/uL at sacrifice.  All 12 animals had 

detectable levels of SIV RNA in the lymph nodes, with the highest levels of viral 

replication in the pigtailed macaque lymph nodes. 

 Clinical symptoms of SIV neuropathogenesis, including tremors, ataxia, head-tilt 

and behavioral changes, developed in two pigtailed macaques infected with PGm-derived 
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virus, but only one animal infected with the ROn2-derived virus; development of 

neurological symptoms correlated inversely with survival time.  None of the rhesus 

macaques, including the animal with SIV encephalitis, developed clinical symptoms 

characteristic of SIV-associated neuropathogenesis.  Infected multinucleated giant cells, 

perivascular macrophages and microglia were distributed throughout the CNS, in both the 

white and grey matter, as well as in the brain parenchyma, meninges and associated with 

the BBB around the vasculature.  Given these results, the SIV virus stocks produced by 

co-culture of human PBMCs with cells from the PGm mesenteric lymph node were 

reclassified as SIVsmmFGb and used for all subsequent experiments. 

 In subsequent infections of pigtailed macaques with SIVsmmFGb (3), the median 

survival time for infected animals was five mpi, with a maximum survival time of 40 

mpi.  Animals with a higher percentage of CD4+ T cells, lower percentage of CD8+ T 

cells and higher CD4:CD8 ratios prior to infection progressed more rapidly, but 

CD4:CD8 ratios and CD4+ T cell counts after infection did not correlate with the rate of 

progression.  Infected animals presented with decreased CD4+ T cell percentage and 

absolute numbers of CD4+ and CD8+ T cells, but increased CD8+ T cell percentage, 

over time.  Increased plasma viral loads at two mpi correlated inversely with survival 

time and rapid progressors had a median plasma viral load of 8.11 log10 RNA copies/mL 

at necropsy, compared to 5.68 log10 RNA copies/mL in slow progressors. 

 All rapidly progressing animals had high numbers of SIV neuropathogenic lesions 

in the CNS and infected cells were detected in every sample taken from every region of 

the brain.  Multinucleated giant cells, macrophage accumulation and other lesions typical 

of SIV neuropathogenesis were distributed throughout the gray and white matter of the 
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CNS and appeared in the midfrontal cortex, cerebellum, hippocampus, choroid plexus 

and caudate nucleus. Only 60% of slow progressors had infected cells and lesions in the 

CNS, and these lesions were generally few in number.  The severity of lesions was 

highest in rapid progressors, intermediate in slow progressors with SIV encephalitis and 

lowest in slow progressors without signs of SIV encephalitis.  SIVsmmFGb replicated 

only in monocyte-lineage cells in the CNS, with the number of macrophages correlating 

directly with the number of SIV-infected cells and rate of disease progression.  Virus 

burden was moderate to high in the brain tissues, particularly the midfrontal cortex and 

hippocampus, of rapid progressors but was low in the CNS of slow progressors.  This 

shows some similarity to human patients, where viral RNA levels in the CNS may 

correlate with the severity of infection (445). 

 In another cohort of pigtailed macaques infected with SIVsmmFGb, all animals 

progressed to simian AIDS and most presented with neurological symptoms 

characteristic of SIV neuropathogenesis (173).  During the acute phase of infection, 

productive replication was noted in the periphery, with 10 – 1000 cells per million 

PBMCs infected by two wpi.  From one mpi until sacrifice, animals had 10 – 100 

infected cells per million PBMCs, indicating productive infection of lymphocytes 

throughout infection. Most animals had rapid declines in absolute CD4+ T cell numbers 

and CD4/CD8 ratios in the first 1 – 2 mpi, after which these numbers remained stable.  

After two wpi, the mean CSF viral load was 2.5 x 104 equivalents per mL; roughly 230 

times lower than the mean plasma viral load of 6 x 106 RNA equivalents per mL.  

Although the mean CSF viral load remained stable, plasma viral loads declined to 

between 103 – 4 x 106 equivalents per mL. 
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 Proviral DNA was detected at high levels in the lymph nodes, GALT and brain in 

all animals sacrificed at two to four wpi, although levels were 100 times lower in the 

CNS.  In animals without neurological disease, proviral DNA levels in the CNS were 

similar to those in the lymphoid tissues.  While some animals with neuropathology had 

higher proviral DNA levels in the CNS, others had similar levels of proviral DNA in the 

brain and lymph nodes.  Integrated proviral DNA appeared in the frontal lobe, parietal 

lobe, motor cortex, temporal lobe, thalamus, basal ganglia, cerebellum, brainstem, 

cervical cord, lumbar cord and thoracic cord regions of the CNS at these early time 

points.  Proviral DNA was detected in many of these regions of the CNS, regardless of 

whether the animal presented with neurological symptoms. 

 At two to four wpi, viral RNA appeared at high levels in the lymphoid tissues and 

at 100 times lower levels in some regions of the brain, indicating that the virus is actively 

replicating in both the CNS and periphery, but that levels of replication are far lower in 

the CNS.  Neuropathology correlated directly with viral replication in the CNS, as viral 

RNA could be detected at high levels in the majority of brain regions in animals with 

neurological symptoms.  Increases in proviral DNA, viral RNA and viral protein 

expression in the CNS also correlated directly with the development of neurological 

disease. 

 During these studies, attempts were made to produce an infectious, biologically 

active, full-length molecular clone of SIVsmmFGb from the PGm-derived virus stocks 

(444).  One successful clone, PGm5.3, was produced and tested for replicative potential 

in similar analyses as those used to study the original PGm-derived virus.  PGm5.3 only 

replicated to 106 cpm/mL in pigtailed macaque PBMCs by 10 dpi and to 5.0 x105 
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cpm/mL by two wpi in rhesus macaque PBMCs, with significantly delayed kinetics 

compared to the PGm-derived virus stock.  In pigtailed macaque macrophages, PGm5.3 

only replicated to 2.7 x 105 cpm/mL and was unable to replicate at all in primary 

macrophages derived from rhesus macaques.  Following inoculation into pigtailed 

macaques, PGm5.3 could be isolated from the CNS at early time points but had low 

pathogenicity and did not induce neuropathology in long-term infections. 

 Subsequent analysis of SIVsmmFGb determined that the virus was largely R5-

tropic, but also demonstrated some limited X4-tropism and usage of minor co-receptors.  

This suggested that SIVsmmFGb is a quasispecies, composed of multiple genotypes with 

different co-receptor usage, rather than a single genetic isolate.  PGm5.3 may be derived 

from a genotype that was inefficient at viral replication, target cell entry or other 

processes, which may explain the reduced pathogenesis of this molecular clone.  Given 

the quasispecies nature of SIVsmmFGb, it may not be possible to produce a molecular 

clone that recapitulates the full pathogenic effects of the original swarm.  Indeed, the 

pathogenic capability of SIVsmmFGb may require multiple genotypes exerting different 

effects on host cells.  Even producing a molecular clone of the most common genotype in 

the population may not reproduce the full neuropathogenic effects of SIVsmmFGb. 

Lentiviral Compartmentalization 

 A viral quasispecies is a group of genetically distinct viral genotypes that are 

closely related, often arising from a common progenitor strain (446, 447).  In HIV and 

SIV, the viral reverse transcriptase lacks 3’ – 5’ exonuclease proofreading activity, 

introducing mutations at a rate of 0.3 nucleotide changes per genome per replication 

(448, 449).  The result is a genetically diverse population of viral genotypes arising 
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within a single host, with variants that differ in co-receptor usage, pathogenesis and other 

factors important to disease (450, 451). 

 One potential result of infection by a viral quasispecies is compartmentalization, 

the development of distinct quasispecies within different tissues in a single host (452-

455).  This can be significant when levels of drug penetrance into one compartment, such 

as the CNS, are not sufficient to limit virus replication, allowing the development of 

drug-resistant mutant strains (456).  If genotypes can traffic between compartments, these 

mutant strains may then establish a drug-resistant population in tissues with greater 

exposure to the antiretroviral compound (456).  Compartmentalization may also cause 

divergence in virus function between compartments.  For instance, HIV viruses isolated 

from the CNS tend to be less capable of infecting T cell lines, less cytopathic and less 

capable of regulating CD4 expression on infected cells, but are also less sensitive to 

neutralizing antibody and replicate more efficiently in macrophages (457). 

 Co-receptor usage, target cell tropism and replicative potential in different cell 

types or tissues are virus-specific factors involved in the development of genetic 

compartmentalization (456, 458).  Compartmentalization may also result from factors 

intrinsic to a particular tissue, such as innate and adaptive immune responses, 

heterogeneity in target cell function and the availability of viral co-receptors or target 

cells (456, 458).  For instance, compartmentalization of viral genes in the CNS, relative 

to the blood and peripheral tissues, may result from differences in selective pressures and 

viral replication kinetics between the brain and periphery (459).  The brain is also unique 

in that it is an immunologically privileged site, with the BBB limiting traffic of genotypes 

between the CNS and the periphery, further promoting compartmentalization (459). 
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 For HIV, compartmentalization of the env gene occurs between sequences derived 

from the brain and those from the lymph nodes (460).  SIV env compartmentalization has 

also been demonstrated between the cerebrum, cerebellum, spinal cord and brain 

ventricle, as well as between each of these CNS regions and the lymph nodes, lung and 

colon (461).  The C2 and C3 regions of HIV env compartmentalize separately between 

the CNS and PBMCs, as well as between PBMCs and the pleural space of the lung (462, 

463).  The region of env spanning the V1 – V5 loops also formed separate compartments 

within the CNS, segregating between the basal ganglia, frontal lobe, medial temporal 

lobe and non-medial temporal lobe (458).  Compartmentalization of the HIV env V4 

region also occurred between sequences harvested from the CNS and the PBMCs (464). 

 A number of studies have focused on compartmentalization of the env V3 loop 

specifically, as this region determines cell tropism in HIV-1 (216).  The env V3 loop 

compartmentalizes between bronchoalveolar lavage cells and PBMCs, as well as between 

the CNS and spleen (465, 466).  Focusing on the CNS, the env V3 loop formed separate 

compartments between the frontal, parietal, occipital lobes and the PBMCs, with the 

frontal lobes segregating the most from the other tissues (467).  In HIV encephalitis 

patients, the env V3 loop formed separate compartments between the spleen and 

precentral or postcentral gyrus of the brain (468).  HIV env V3 region sequences from the 

CNS also compartmentalized from blood-derived sequences in the majority of HAD 

patients (459).  In addition, the V3 loops of brain-derived env sequences differed between 

HAD patients and HIV-infected patients without dementia (469, 470).  Segregation of 

HIV env V3 region sequences between the blood and CSF increased over the course of 

infection and was more pronounced after progression to AIDS (471). 
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 As with the env V3 loop, gp41 also segregates between the blood and CSF, with 

compartmentalization increasing over the course of infection (472).  HIV LTR sequences 

form separate compartments between the brain dorsal root ganglion and the lung, spleen 

and lymph node, as well as between the grey and white matter within the CNS (473, 

474).  The HIV nef gene compartmentalized between PBMCs and a number of peripheral 

tissues, including the esophagus, stomach, duodenum and colorectum (475).  While the 

HIV RT gene did not compartmentalize to the same degree as nef, there was notable 

segregation of sequences between the stomach and esophagus (475).  Finally, HIV pol 

sequences compartmentalized in the brain, relative to the spleen and lymph nodes (476). 

 Given that SIVsmmFGb is a quasispecies population, we might expect that some 

of the genes of this virus could form separate compartments between different tissues in 

infected pigtailed macaques.  Of particular interest is whether SIVsmmFGb genes form 

separate compartments between the CNS and the peripheral lymph nodes or between 

different regions within the CNS.  In this study, we characterize the genetic diversity of 

Env V1 region, Nef and Int amino acid sequences within the SIVsmmFGb quasispecies 

and determine how this diversity changes over the course of infection in pigtailed 

macaques.  We also investigate whether the env, nef and int genes form separate 

compartments between the CNS tissues and lymph nodes, as well as between different 

regions within the CNS, and how this compartmentalization develops over time.  Finally, 

we begin to analyze SIVsmmFGb Env V1 region, Nef and Int amino acid sequences for 

mutations that may be involved in the neuropathogenic phenotype of this virus. 
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Materials and Methods 

Adapted from Reeve, et al. ARHR. 2009. 25(6):583-601, Reeve, et al. In Press and 

Reeve, et al. Unpublished Data. 
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SIVsmmFGb Stock Virus Isolation and PCR Amplification 

 SIVsmmFGb stock virus, produced as described (444), was used for animal 

inoculations.  Viral RNA was isolated using a QIAmp Viral RNA Minikit (Qiagen) 

according to the manufacturer’s protocol and serial diluted 10-, 100- and 1000-fold.  

Along with undiluted RNA, these dilutions were used for RT-PCR with a SuperScript III 

RNase H Reverse Transcriptase kit (Invitrogen), with random hexamer primers for the 

initial RT step.  DNA obtained from these reactions was serial diluted 10-, 100- and 

1000-fold, for 16 total DNA templates (RNA diluted 1:10/DNA diluted 1:10, RNA 

diluted 1:100/DNA diluted 1:10, etc).  Each template was used for nested PCR of env, nef 

and int genes, using the primers described in Table 1.  

Pigtailed Macaque Inoculation and SIVsmmFGb-Infected Tissue Harvesting 

 Twelve juvenile pigtailed macaques, from the Yerkes National Primate Research 

Center colony, were inoculated i.v. with 100 TCID50 of the SIVsmmFGb stock virus.  

Animals were inoculated and necropsied individually, using a triaging protocol that was 

designed to reduce variability and ensure tissue collection from matching anatomic sites 

in each test subject. All animals were euthanized by i.v. barbiturate overdose.  Two of the 

macaques were euthanized at five dpi, and four animals 7 dpi, for the one wpi cohort.  

The remaining 6 animals were sacrificed at two mpi.  Blood and CSF were harvested 

prior to sacrifice, to perform viral load analysis and other studies.  All animals were 

extensively perfused with saline prior to tissue collection to prevent contamination of 

CNS samples by the blood.  Tissue specimens that were collected from each animal for 

sequence analysis included the axillary lymph node, mesenteric lymph node, basal 

ganglia, midfrontal cortex, hippocampus and cerebellum; these were quick-frozen on dry 
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ice and stored at -80oC.  These tissue samples, and those from other anatomic sites, were 

also harvested at one wpi for in situ hybridization (ISH) and determination of viral loads. 

The tissue samples for ISH were submitted to the O’Neil group and the ISH procedure 

was performed as described (444).  At two mpi, tissue samples were harvested for 

determination of viral loads, but ISH was not performed at this time point. 

SIVsmmFGb Proviral DNA Extraction and Preparation from Infected Pigtailed 

Macaque Tissues 

 Using sterile scalpels, and working on ice to avoid tissue damage, small tissue 

segments were excised and placed in cell lysis buffer containing 0.1 M NaCl. 10 mM Tris 

pH 8.0, 25 mM EDTA, 0.5% SDS and ddH2O, then homogenized with a 1.0 mL syringe 

plunger.  Homogenates were treated with 50 ug proteinase K and incubated overnight at 

55oC, with periodic vortexing.  Samples were brought to room temperature and DNA was 

harvested via a sequential extraction with Tris-saturated phenol, phenol: chloroform: 

isoamyl alcohol (25:24:1), chloroform and 100% ethanol.  DNA was pelleted by 15,000-

rpm centrifugation for 30 minutes at 4oC, washed thrice with 70% ethanol, air-dried and 

resuspended in ddH2O.  DNA concentration was quantified using a UV 

spectrophotometer and samples were frozen at -20oC. 

PCR Amplification of SIVsmmFGb Genes from Tissue-Derived Proviral DNA 

 The nef, env and int genes were amplified from proviral DNA by nested PCR, 

using an Expand High Fidelity PCR System kit (Roche), according to the manufacturer’s 

protocol.  After some difficulty PCR amplifying viral genes from the CNS tissues of 

macaques PQo1 and PQq1, the primers in Table 1 were analyzed and found to contain 
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hairpins and dimers.  Thus, new primers were designed for env, nef and int as described 

in Table 2.  

SIVsmmFGb Gene Cloning Strategy 

 The PCR products were purified on 0.9% (env) or 1.2% (nef, int) agarose gels and 

were extracted with a QIAquick Gel Extraction Kit (Qiagen), according to the 

manufacturer’s protocol.  As restriction sites were not added to the primers, the purified 

PCR products were ligated using a pGEM-T Vector System I (Promega), following the 

manufacturers’ protocol.  After incubating for 24 hours at 4oC, the ligations were 

transformed into Invitrogen ElectroMAX DH10B E. coli (recA1, endA1) cells, according 

to the manufacturer’s protocol. Single bacterial colonies were used for preparation of 

plasmid DNA containing the inserts, according to standard techniques.  Approximately 2 

ug of each p-GEM-T vector/gene insert-positive sample was sent to MWG Biotech for 

sequencing (MWG Sequencing, Huntsville, Alabama).  Sequencing was performed using 

pGEM-T vector-specific sequencing primers, each yielding approximately 800 to 900 bp 

of usable sequence: p-GEM-T forward primer 026 5’GTAAAACGACGGCCAGT3’-

2961; p-GEM-T reverse primer 025 5’TAACAATTTCACACAGG3’-2827. 

DNA Sequence Analysis 

 Sequences were analyzed with EditSeq in the DNAStar v7.1.0 software package 

(Laser-Gene) and the following sequences discarded: Poor reads; junk sequence; 

incomplete nef and int sequences; nef and int sequences with deletions or insertions; and 

env sequences that did not span the complete V1 region.  The resulting valid sequences 

were copied into MegAlign in DNAStar v7.10 (Laser-Gene) for translation into Env, Nef 

and Int amino acid sequences and all clones with premature stop codons were discarded; 
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at least 20 valid clones were recovered for each gene, from each tissue, from each 

experimental animal.  At least 20 valid clones were also collected of each gene from each 

of 16 stock virus dilution templates. 

SIVsmmFGb Stock Virus Amino Acid Sequence Grouping 

 The valid amino acid sequences for Env, Nef and Int from the SIVsmmFGb stock 

virus dilutions were pooled in MegAlign and were aligned by the Clustal W method.  A 

distance-based, neighbor-joining phylogenetic tree was produced for all stock virus 

sequences of each gene, in PAUP* 4.0b10 (145).  Based on visual inspection of the 

phylogenetic clade structure of the resulting tree, the stock virus sequences for each gene 

were divided into subgroups.  Sequences in each subgroup were aligned in MegAlign, via 

Clustal W method, and a consensus sequence was generated for each subgroup of each 

gene.  The subgroup consensuses were then aligned in MegAlign, via Clustal W method, 

and a new distance-based, neighbor-joining phylogenetic tree was produced in PAUP* 

4.0b10.  This tree was subjected to a bootstrapping analysis, using heuristic search 

methods, and 1000 bootstrap replicates were produced.  Subgroup consensuses for each 

gene were then grouped based on bootstrap support:  Clades of subgroup consensuses 

with a bootstrap support of greater than 50% were counted as a unique group, while 

subgroup consensuses that did not fall into a clade with greater than 50% bootstrap 

support were pooled into a separate group. 

Tissue-Isolated SIVsmmFGb Viral Amino Acid Sequence Alignment and Grouping 

 Valid amino acid sequences for Env, Nef and Int, from each tissue in each 

experimental animal, were aligned in MegAlign, via Clustal W method, with the stock 

virus subgroup consensuses for that gene.  These alignments were exported to PAUP* 
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4.0b10 and neighbor-joining phylogenetic trees were generated, using both distance- and 

parsimony-based analysis, with no obvious differences noted between the two methods 

(data not shown).  Visual inspection of the cladistic, phylogenetic distribution of tissue-

isolated sequences, in relation to the stock virus subgroup consensuses, was used to sort 

tissue-isolated sequences into the groups defined by the stock virus analysis.  The 

percentage of sequences in each group was determined for each tissue in each animal and 

then averaged for each time point to determine the mean prevalence of each sequence 

group in each tissue, at both one wpi and two mpi.  The mean prevalence of each 

sequence group in each tissue at each time point was then compared to the prevalence of 

that group in the SIVsmmFGb stock virus, using the Mann-Whitney Rank-Sum test in 

SigmaStat Demo 2.03 software (Systat).  The prevalence of each sequence group in all 

brain tissues and all lymph node tissues were collected into separate pools at each time 

point and then averaged to determine the mean prevalence of each group in the brain and 

each group in the lymph nodes at both one wpi and two mpi.  The mean lymph node 

prevalence and the mean brain prevalence for each group were compared at each time 

point, and to the group prevalence in the SIVsmmFGb stock virus, using the Mann-

Whitney Rank-Sum test.  The Mann-Whitney Rank-Sum test was chosen due to the non-

normal distribution of group prevalence between animals and the unequal variance 

between the sequence groups from the stock virus and those from the tissues.  Those 

Mann-Whitney comparisons with a p-value less than, or equal to, 0.05 were considered 

evidence of statistically significant differences between tissues. 
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Phylogenetic and Phenetic Compartmentalization Analyses of SIVsmmFGb Amino 

Acid and Nucleotide Sequences 

 The phylogenetic compartmentalization of Env V1 region, Nef and Int amino acid 

sequences between each of the six tissues, at both one wpi and two mpi, was compared 

using a modified Slatkin-Maddison test, as described elsewhere (452, 461).  The global 

mean bootstrap s and global mean random s values for each two-tissue comparison, 

where s is the least number of evolutionary steps for “tissue of origin”, obtained from this 

procedure were used to calculate the ratio of bootstrap s to random s values; the standard 

error of this ratio was then determined using the formulas described elsewhere (477).  As 

described (452, 461), if the ratio of global mean bootstrap s to global mean random s is 

two standard errors less than 1, significant compartmentalization between tissues is 

present (461, 463).  The above procedures were repeated for every possible two-tissue 

comparison for each of the three viral genes at both time points.  To analyze phylogenetic 

compartmentalization of sequences within a tissue between time points, all sequences for 

each gene harvested from a tissue at two mpi were aligned via Clustal W, in MegAlign, 

with all sequences harvested from the same tissue at one wpi.  A modified Slatkin-

Maddison test was then performed on each of these alignments as described (452, 461).  

Compartmentalization of sequences within a tissue over time was considered significant 

if the ratio of the mean bootstrap s value, where s is the least number of evolutionary 

steps for a “time point” character, to the mean random s value was two standard errors 

less than 1 (461, 463). 

 The phenetic compartmentalization of env V1 region, nef and int nucleotide 

sequences between each of the six tissues, at both one wpi and two mpi, was compared 
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using Mantel’s Test, as described (452, 461, 463).  Using XLSTAT-Pro (Addinsoft), the 

Pearson’s correlation coefficient, r, was calculated and an estimated p-value was 

generated from 1000 permutations.  The null hypothesis, of no compartmentalization 

between tissues, was rejected for all p-values less than, or equal to, 0.05.  Due to the 

limitations of the software, and the number of nucleotide sequences involved, we were 

unable to perform a Mantel’s test to analyze phenetic compartmentalization of sequences 

within each tissue between one wpi and two mpi. 

Synonymous and Nonsynonymous Substitution Analyses of SIVsmmFGb Nucleotide 

Sequences 

 Analysis of selective pressure in each tissue compartment was performed by 

analysis of synonymous (dS) and nonsynonymous (dN) substitution rates, as well as the dS 

/ dN ratio.  All DNA sequences from the SIVsmmFGb stock virus for env V1 region, nef 

and int were aligned via Clustal W, in MegAlign, and consensus sequences were 

produced for each gene.  These consensus sequences were then aligned via Clustal W, in 

MegAlign, with SIVsmmFGb viral gene sequences obtained from the experimental 

tissues at both one wpi and two mpi; the resulting alignments were then exported to 

MEGA4.  For each gene in each tissue in each animal, the pairwise distance between 

each sequence and the stock virus consensus for that gene was used to calculate the dS 

and dN values, using the Nei-Gojobori p-distance method in MEGA4.  For each gene, 

results from all experimental animals at one wpi or two mpi were pooled to generate 

mean dS and mean dN values for each tissue at each time point.  The Mann-Whitney 

Rank-Sum test was used to compare mean dS and mean dN values for each gene within a 

tissue at each time point.  Mean dS and mean dN values were used to generate the dS / dN 
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ratio for each gene, in each tissue, at each time point.  The Mann-Whitney Rank-Sum test 

was also used to compare the dS / dN ratios between tissues at each time point for each 

gene.  Those Mann-Whitney comparisons with a p-value less than, or equal to, 0.05 were 

considered statistically significant. 

Determination of the Average Pairwise Distances of SIVsmmFGb Nucleotide 

Sequences from Pigtailed Macaque Tissues 

 For env V1 region, nef and int, all nucleotide sequences from a pair of tissues in 

each animal were aligned via Clustal W in MegAlign.  These alignments were exported 

to MEGA4 and the Kimura two-parameter method was used to calculate the pairwise 

distance between each sequence in one tissue and each sequence in the other tissue.  For 

each of these two-tissue comparisons, the pairwise distances were pooled across all 

animals at each time point and the average calculated, providing the mean pairwise 

distance between sequences from the two tissues at that time point.  This procedure was 

repeated for every possible two-tissue comparison at both one wpi and two mpi.  The 

Mann-Whitney Rank Sum test was used to compare the average pairwise distance 

between sequences in each two-tissue comparison at one wpi to the average pairwise 

distance between sequences in the same two-tissue comparison at two mpi.  The Mann-

Whitney test was also used to compare the average pairwise distance between sequences 

in each two-tissue comparison at each time point to every other two-tissue comparison at 

both time points.  Any p-values less than, or equal to, 0.05 were considered to 

demonstrate a statistically significant difference between average pairwise distances. 

 In addition, for each gene in each animal, all of the nucleotide sequences from 

each tissue were aligned via Clustal W in MegAlign and then exported to MEGA4.  The 
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Kimura two-parameter method was used to determine the pairwise distance between 

sequences within each tissue.  For each tissue, these pairwise distances were pooled 

across all animals at each time point to calculate the average pairwise distance between 

sequences within a particular tissue at each time point.  This procedure was repeated for 

all six of the experimental tissues at both one wpi and two mpi.  For statistical analysis, 

the Mann-Whitney Rank Sum test was used to compare the average pairwise distance 

between sequences within each tissue at one wpi to the average pairwise distance 

between sequences within the same tissue at two mpi.  The Mann-Whitney test was also 

used to compare the average pairwise distance between sequences within each tissue at 

each time point to every other tissue at both one wpi and two mpi.  Any p-values less 

than, or equal to, 0.05 were considered to demonstrate a statistically significant difference 

between the average pairwise distances being compared. 

Calculation of the Prevalence of Amino Acid Mutations in Functional Domains of 

SIVsmmFGb Env V1 Region, Nef and Int 

 A literature search was performed to determine known functional domains for 

Env V1 region, Nef and Int in HIV and other SIV strains.  The positions of these motifs 

and amino acid residues were then located in the SIVsmmFGb stock virus amino acid 

consensus sequences for Env V1 region, Nef and Int by visual inspection.  For each gene, 

the amino acid sequences obtained from the SIVsmmFGb stock virus were aligned by 

Clustal W, in MegAlign, with the stock virus consensus amino acid sequence for that 

gene.  The percentage of stock virus sequences with one or more amino acid mutations in 

each functional domain, relative to the stock virus consensus sequence, was then 

determined.  If a sequence had more than one mutation in a particular functional domain, 
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it was counted as one sequence with one or more mutations, rather than counting each 

mutation separately.  At each time point, all sequences for each gene from the lymph 

nodes were grouped into one pool and all sequences for each gene from the CNS were 

grouped into another pool.  The percentage of sequences with one or more mutations in 

each functional domain was then determined for each pool at one wpi and two mpi.  The 

Mann-Whitney Rank Sum test was used to statistically compare the percentage of 

sequences with mutations in each functional domain in each pool with the percentage in 

every other sequence pool.  Any p-values less than, or equal to, 0.05 were considered 

indicative of statistically significant differences in the prevalence of mutation in a 

particular domain. 

Determination of the Frequency of Amino Acid Changes at Each Position of 

SIVsmmFGb Env V1 Region, Nef and Int 

 For Env V1 region, Nef and Int, all amino acid sequences obtained from the 

SIVsmmFGb stock virus were aligned in MegAlign by the Clustal W method.  From 

these alignments, an amino acid consensus sequence was determined for each gene in the 

SIVsmmFGb stock virus.  The presence of insertions in some sequences in the stock 

virus created gaps in the Env V1 region stock virus consensus sequence.  These gaps 

were retained for subsequent analysis and gap positions were accounted for in the 

numbering of the Env V1 region amino acid positions.  The stock virus amino acid 

consensus sequences for Nef and Int were contiguous, with no insertions or deletions.  

For each gene, the sequences in the stock virus were aligned via Clustal W, in MegAlign, 

with the consensus sequence to determine the percentage of sequences in the stock virus 

with amino acid mutations at each position, relative to the consensus.  For Nef and Int, as 
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deletions and insertions were screened out in the clone selection process, any amino acid 

change was counted as a mutation.  For the Env V1 region, mutations included amino 

acid changes, as well as novel deletions and the insertion of amino acids in gap positions.  

For each gene, at both one wpi and two mpi, all sequences from the lymph nodes were 

pooled into one group and all sequences from the CNS regions were pooled into another 

group.  The lymph node and CNS pools for each gene at each time point were aligned 

with the stock virus consensus sequence for that gene by the Clustal W method in 

MegAlign.  The percentage of sequences in each pool with mutations at each position 

was determined for all three genes at both one wpi and two mpi.  For residues that fell 

within certain functional domains, the Mann-Whitney Rank Sum test was used to 

statistically compare the percentage of sequences with mutations in each of these 

positions in each pool with the percentage in every other sequence pool.  Any p-values 

less than, or equal to, 0.05 were considered indicative of statistically significant 

differences in the frequency of mutations at a given site. 

Sequence Data 

 The nucleotide sequences referenced in this study are available in the GenBank 

database under the accession numbers FJ396520 – FJ396665, FJ397088 – FJ398271 and 

FJ399865 – FJ4022403. 
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Chapter 1 

Reduced Genetic Diversity in Lymphoid and Central Nervous System Tissues and 

Selection-Induced Tissue-Specific Compartmentalization of Neuropathogenic 

SIVsmmFGb during Acute Infection 

Adapted from Reeve, et al. ARHR. 2009. 25(6):583-601 
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Results 

SIVsmmFGb Stock Virus Grouping 

 The consensus sequences for Env V1 region amino acid clades were divided into 

four groups (Fig. 1A):  Group 1 consisted of four stock virus Env V1 consensus 

sequences, representing 50 stock virus sequences (Fig. 2A), with 88% bootstrap support.  

Group 3 encompassed two stock virus Env V1 consensus sequences, representing 54 

stock virus sequences (Fig. 2A), with 58% bootstrap support.  Group 4 consisted of 10 

stock virus Env V1 consensus sequences, representing 276 stock virus sequences (Fig. 

2A), as part of a superclade with 64% bootstrap support.  Group 2 consisted of the 

remaining three consensuses, representing 25 stock virus sequences (Fig. 2A), falling 

outside any bootstrap-supported clade.  For Nef (Fig. 1B), the stock virus consensus 

sequences were divided into two groups:  Group 1 consisted of 20 stock virus Nef 

consensus sequences, representing 354 stock virus sequences (Fig. 2B), with 64% 

bootstrap support.  The remaining two stock virus Nef consensus sequences, representing 

38 stock virus sequences and falling outside the bootstrap-supported clade (Fig. 2B), 

were collected into group 2.  For Int (Fig. 1C), the stock virus consensus sequences were 

separated into three groups:  Group 2 contained four stock virus Int consensus sequences, 

representing 78 stock virus sequences (Fig. 2C), with 58% bootstrap support.  The group 

3 clade had 64% bootstrap support and was composed of two stock virus Int consensus 

sequences (Fig. 2C), representing 31 stock virus sequences.  The remaining stock virus 

Int consensus sequences, falling outside the bootstrap-supported clades and representing 

279 stock virus sequences (Fig. 2C), were organized into group 1. 
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ISH of SIVsmmFGb in Brain and Peripheral Tissues of Infected Pigtailed Macaques 

 Of the animals sacrificed at five dpi (Table 3), PQq1 had high numbers of SIV-

infected cells in both the inguinal lymph node and spleen, as well as in all gastrointestinal 

tissues.  Comparable numbers of productively infected cells were detected in the inguinal 

lymph node of animal PQo1, but few infected cells were noted in the spleen and 

gastrointestinal tissues.  Neither animal sacrificed at five dpi had SIV RNA-positive cells 

in the bone marrow or brain tissues.  PCR amplification of genes from proviral DNA 

were successful in the lymph node and CNS tissues of animal PQq1 (data not shown) but 

we were unable to PCR amplify the following genes from animal PQo1:  env from the 

basal ganglia, midfrontal cortex and cerebellum; nef from the basal ganglia and 

midfrontal cortex; and int from the basal ganglia and cerebellum.  The remaining four 

animals were sacrificed at 7 dpi and all demonstrated high numbers of SIV-positive cells 

in the inguinal lymph node and spleen, as well as some degree of productive SIV 

infection in the bone marrow.  Three of these animals had high numbers of infected cells 

in the gastrointestinal tract, while PKo1 showed moderate levels of virus in these tissues.  

The presence of viral RNA in the CNS varied between animals, with productive infection 

in 4/5 and 3/3 of the brain tissues from animals PGt1 and PFp1, respectively.  SIV RNA-

positive cells could not be detected in the CNS samples from PKo1 and were only present 

at low levels in medulla from animal PHs1.  The low level of SIV RNA in the CNS of 

most animals undoubtedly represents genotypes introduced by early, initial seeding.  We 

successfully PCR amplified env, nef and int genes from all lymph node and CNS tissue 

samples taken from PFp1, PGt1, PHs1 and PKo1 (data not shown).  Because of the 

relatively low levels of SIVsmmFGb viral RNA present in some of the CNS samples 
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from these animals, we used proviral DNA as a substrate for PCR amplification to 

maintain consistency through all tissues. 

Diversity of Env V1 Region, Nef and Int Amino Acid Sequences Isolated from 

Pigtailed Macaque Brain and Lymph Node Tissues Compared to Stock Virus 

 Amino acid sequences for Env V1 region, Nef and Integrase were harvested from 

the tissues of SIVsmmFGb-infected pigtailed macaques, were screened and were grouped 

as described in the Materials and Methods section.  For Env V1 (Fig. 3), the prevalence 

of group 1 decreased significantly in the axillary lymph node, basal ganglia, hippocampus 

and midfrontal cortex.  Prevalence of this group did not change significantly in the 

cerebellum and mesenteric lymph node.  The prevalence of the other three Env V1 

groups in any of the tissues was not found to differ significantly from prevalence of those 

groups in the SIVsmmFGb stock virus.  The prevalence of Nef group 1 increased 

significantly in the basal ganglia, while group 2 showed a significant decrease (Fig. 4).  

In contrast, the prevalence of Nef group 1 decreased significantly in the midfrontal 

cortex, while the prevalence of group 2 increased in this tissue.  No significant 

differences in Nef group prevalence, compared to the stock virus, were noted in the 

remaining four tissues.   The prevalence of Int group 1 decreased significantly in the 

basal ganglia and both lymph nodes, relative to the stock virus (Fig. 5).  The prevalence 

of Int group 3, meanwhile, increased significantly in both lymph nodes, the basal ganglia 

and the cerebellum.  Significant decreases in Int group 2 prevalence, relative to the stock 

virus, appeared in all tissues and this group was absent from the basal ganglia, the 

midfrontal cortex and both lymph nodes.  
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 We also compared the mean prevalence of each Env V1, Nef and Int group across 

all brain tissues to the mean prevalence of each group in the lymph nodes, as well as the 

SIVsmmFGb stock virus.  The prevalence of Env V1 group 1 in both the CNS and lymph 

nodes decreased significantly compared to the stock virus, but no significant difference in 

the prevalence of this group was noted between the CNS and lymph nodes (Fig. 6A).  

The prevalence of the other Env V1 groups did not differ between the SIVsmmFGb stock 

virus, the lymph nodes and the CNS.  There was also no significant difference between 

the stock virus, CNS and lymph nodes in the prevalence of either group of Nef sequences 

(Fig. 6B).  Int group 1 prevalence decreased significantly in the lymph node compared to 

the stock virus, but no other significant changes in the prevalence of this Int group were 

noted (Fig. 6C).  The prevalence of Int group 2 decreased significantly in the CNS and 

the lymph nodes compared to the stock virus, but there was no significant difference 

between the CNS and the lymph nodes.  The prevalence of Int group 3 increased 

significantly in the CNS and the lymph nodes compared to the SIVsmmFGb stock virus, 

but there was no difference between the CNS and the lymph nodes. 

 The prevalence of each Env V1, Nef and Int sequence group in each tissue was 

also analyzed in each animal individually.  The most prevalent Env V1 region group was 

group 4, although group 2 predominated in one tissue for three of the six animals and 

group 3 was the most prevalent in one tissue for two of the six animals (Fig. 7).  Group 1 

was the most prevalent Nef group in all animals across all tissues, except for in the 

hippocampus and mesenteric lymph node of PKo1 (Fig. 8).  Group 3 was the most 

prevalent of the Int groups, but all of the animals had at least one tissue where the 

prevalence of group 1 was greater than, or equal to, that of group 3 (Fig. 9). 
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Phylogenetic Analysis of Compartmentalization of Env V1 Region, Nef and Int 

Amino Acid Sequences Isolated from Pigtailed Macaque Brain and Lymph Node 

Tissues 

 To determine whether SIVsmmFGb Env V1 region, Nef or Int formed distinct 

genetic compartments in any CNS or lymph node tissue, a modified Slatkin-Maddison 

test was used, as described in the Materials and Methods section.  The Env V1 region 

sequences obtained from all of the CNS tissues compartmentalized separately from both 

of the lymph nodes; the formation of distinct compartments between CNS tissues was 

also noted (Fig. 10A).  However, no significant Env V1 region sequence 

compartmentalization appeared between the lymph nodes.  Similar results were observed 

for Nef (Fig. 10B), with Nef sequences from each CNS tissue forming distinct 

compartments from the other CNS tissues and both of the lymph nodes.  However, 

significant compartmentalization of Nef sequences was seen between the axillary and 

mesenteric lymph nodes.  The degree of compartmentalization was greater for Nef than 

for Env V1 region sequences, with average s ratios of 0.32 (range ~ 0.16 to 0.67) and 

0.60 (range ~ 0.40 to 0.81), respectively.  The Int sequences obtained from each of the 

CNS tissues also formed separate compartments from those Int sequences from the other 

CNS regions and those from the lymph nodes (Fig. 10C).  There was no significant Int 

compartmentalization noted between the basal ganglia and cerebellum or between the 

axillary and mesenteric lymph nodes.  Int sequences had the weakest level of 

compartmentalization, with an average s ratio of 0.70 (range ~ 0.51 to 0.94). 
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Phenetic Analysis of the Compartmentalization of SIVsmmFGb env V1 Region, nef 

and int Sequences Isolated from Pigtailed Macaque CNS and Lymph Node Tissues 

 To bolster the results of the phylogenetic compartmentalization analysis, and 

provide a degree of quantification, a Mantel’s test was used, as described in the Materials 

and Methods section, to analyze the phenetic structure of each two-tissue comparison in 

each of the experimental animals.  Due to the size of the data sets, the full results, 

including the Pearson’s correlation coefficients and p-values, for the Mantel’s tests on the 

env V1 region, nef and int proviral DNA sequences can be found in Tables 4 – 6, 

respectively. 

 As summarized in Table 7, the env V1 region sequences compartmentalized 

separately between most of the CNS tissues and both lymph nodes in the majority of the 

experimental animals.  The only exceptions were the env V1 region sequences obtained 

from the midfrontal cortex, which did not compartmentalize separately from either lymph 

node in most animals.  The env V1 region sequences also did not form separate 

compartments between the axillary and mesenteric lymph nodes in most animals.  The 

compartmentalization of env V1 region sequences varied between animals, with the basal 

ganglia-mesenteric lymph node comparison the only one in which all animals 

demonstrated significant compartmentalization.  For both nef and int, most animals 

showed independent compartmentalization of sequences between all tissues within the 

CNS.  As with env, the nef and int sequences did not form separate compartments 

between lymph nodes in most animals. 
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dS and dN Values for SIVsmmFGb env V1 Region, nef and int Sequences Isolated 

from Pigtailed Macaque CNS and Lymph Node Tissues 

 Though the modified Slatkin-Maddison and Mantel’s tests suggest 

compartmentalization of SIVsmmFGb env V1 region, nef and int sequences, it was left 

undetermined whether this was due to tissue-specific selection or the replication of 

limited founder genomes.  To test for selective pressure, dS and dN values were 

determined as described in the Materials and Methods section.  The env V1 region 

sequences harvested from the experimental animals demonstrated mean dN values 

significantly higher than the dS values in all six tissues (Fig. 11A).  While the dS / dN ratio 

values for the env V1 region sequences from all six tissues were less than 1, 1 fell within 

the standard error range of the mean dS / dN ratio of the env V1 region sequences from the 

midfrontal cortex (Fig. 12A).  The nef and int sequences derived from all six 

experimental tissues had significantly higher dS values than dN values (Figs. 11B and 

11C), as well as dS / dN ratios greater than 1 (Figs. 12B and 12C). 

 Comparing the dN, dS and dS / dN ratio values between tissues can allow for the 

analysis of differences in selective pressure between tissues.  While the mean dS values of 

the env V1 region sequences obtained from the basal ganglia and midfrontal cortex did 

not differ from each other (Fig. 11A and Table 8), both had mean dS values significantly 

higher than the mean dS values of the env V1 region sequences collected from the axillary 

lymph node and hippocampus.  The mean dS value of the env V1 region sequences from 

the basal ganglia was also found to be significantly higher than those sequences from the 

mesenteric lymph node.  The highest mean dN value was noted in env V1 region 

sequences from the cerebellum.  The mean dN value of midfrontal cortex-derived env V1 
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region sequences did not differ from the mean dN value of the lymph node-derived 

sequences, but was significantly lower than the mean dN values of sequences from the 

other three brain tissues.  Cerebellum-derived nef sequences had the lowest mean dS 

value (Fig. 11B and Table 8), although this was not significantly different from the dS 

values of nef sequences collected from the basal ganglia and hippocampus.  Mesenteric 

lymph node-derived nef sequences had the highest mean dS value, though this value did 

not differ significantly from the dS value of nef sequences from the basal ganglia or 

midfrontal cortex.  The highest mean dS value for int was found in sequences obtained 

from the axillary lymph node (Fig. 11C and Table 8).  The next highest mean dS value 

was for int sequences from the mesenteric lymph node, although this value was only 

statistically higher than the dS value for nef sequences obtained from the midfrontal 

cortex and hippocampus.  In addition, basal ganglia-derived nef sequences were found to 

have a higher mean dS value than those sequences collected from the hippocampus.  The 

mean dN values of int sequences from the cerebellum and mesenteric lymph node were 

both significantly lower than the mean dN values of sequences from the axillary lymph 

node and hippocampus. 

 The highest mean dS / dN ratio values for env V1 regions were found in sequences 

derived from the basal ganglia and midfrontal cortex (Fig. 12A and Table 9), while the dS 

/ dN ratios of env V1 region sequences obtained from the other four tissues did not differ 

from each other significantly.  For nef (Fig. 12B and Table 9), sequences from the 

cerebellum, hippocampus and axillary lymph node had significantly lower mean dS / dN 

ratio values than those nef sequences obtained from the basal ganglia, midfrontal cortex 

and mesenteric lymph node.  The int sequences collected from the hippocampus had a 
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significantly lower mean dS / dN value than those from the cerebellum and lymph nodes, 

while the midfrontal cortex and axillary lymph node-derived int sequences had lower 

mean dS / dN values than those sequences obtained from the mesenteric lymph node. 

Discussion 

 Although prior studies have investigated the pathogenesis of SIVsmmFGb, this is 

the first to comprehensively analyze the genetic characteristics of the virus in the CNS 

and lymph nodes of pigtailed macaques during initial tissue seeding.  Prior research has 

demonstrated that SIVsmmFGb is a swarm (173), but the genetic make-up of the 

quasispecies had yet to be determined.  We analyzed three SIVsmmFGb genes:  int, a 

highly conserved gene that is resistant to mutations which impact protein function (478, 

479), integrates reverse-transcribed viral DNA into the host chromosome (415);  nef, 

which has been shown  to be involved in HIV and SIV neuropathogenesis (161, 237, 480-

482); and env, a rapidly evolving and highly variable gene essential for target cell entry 

(343, 483) and with demonstrated functions in neuropathogenesis (216, 484). 

 For env, we focused on the V1 variable loop of gp120 (485), a major target of 

neutralizing antibody (343, 486) and the predominant region of SIV env sequence 

variation (487).  Our results indicate that the Env V1 regions present within our 

SIVsmmFGb stock virus form four groups, with group 4 being predominant.  Meanwhile, 

the Int sequences in our stock virus separate into three groups and the Nef sequences into 

two, with group 1 being dominant in both Int and Nef.  While we expected Env V1 

region sequences to be the most variable, we did not expect a greater diversity of Int 

sequences over Nef.  Using a less stringent method of grouping sequences, such as 

lowering bootstrap support required for significant clades, or basing groupings on visual 
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inspection of phylogenetic trees, may increase the number of Nef groups, revealing 

additional diversity of this gene.  Another possibility is considering each stock virus 

consensus sequence for each gene to be a separate group, rather than aligning them to 

form super-groups.  However, the resulting number of groups, over 20 for Nef alone, 

would have been overly difficult to analyze and represent clearly.  In addition, because 

the SIVsmmFGb stock virus was grown in PBMC culture, we would not expect any 

selective pressure to restrict Int diversity or promote Nef diversification. 

 Given the total number of sequences analyzed, we expect that our results 

accurately represent the genetic diversity of the SIVsmmFGb stock virus.  We obtained at 

least 20 sequences from each of 16 different dilutions of the RNA and DNA templates 

used for RT-PCR and PCR, for a balance of statistical significance and feasibility (488); 

few other SIV or HIV studies have analyzed this volume of data.  Template dilutions 

were used to minimize the over-amplification of common sequences, the non-

amplification of rare sequences and other factors in PCR and RT-PCR, which could 

introduce bias.  While DH10B bacterial subcloning may induce mutations or select 

against some genomes, the procedure has been used extensively and we would expect this 

bias to be low.  Another potential bias with our protocol is that PCR amplification of 

proviral DNA presents a ‘history’ of virus infection:  Rather than only assessing actively 

replicating virus, any virus that was capable of reverse transcription and integration will 

be amplified, regardless of subsequent replicative fitness.  Over time, replication-

competent viruses with selective advantages should expand more than weak or defective 

viruses and come to represent the greatest proportion of the proviral DNA population.  

While defective viruses may be sampled in our procedure, the number of sequences 
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harvested for each tissue should be significant enough to accurately reflect the proviral 

DNA population, of which defective strains would be a very small part.  In addition, we 

screened all sequences and discarded any clones with in-frame stop codons and frame 

shift mutations (all three genes) or insertions and deletions (nef and int), which were 

unlikely to code functional proteins.  By not considering these defective sequences in our 

analysis, we would expect to screen out most integrated, non-replicating genotypes, 

reducing this potential bias. 

 Due to the complexity of the SIVsmmFGb stock virus, some rare genomes may 

not have been characterized, even with the amount of sequences collected.  However, the 

amount of sequencing required to be certain of having characterized the entire 

quasispecies would be prohibitively difficult, if not impossible.  With the amount of 

sequences collected for each gene from the stock virus, we expect the possibility of 

missing a rare, important strain to be low.  Using an inoculum composed of a mixture of 

SIVsmmFGb molecular clones may have eased subsequent analysis, but would introduce 

bias in choosing which molecular clones to use and what proportion of the inoculum each 

clone would comprise.  In that method, rare constituents of the SIVsmmFGb 

quasispecies, or sequences that are difficult to clone, could be artificially unrepresented.  

A less complex inoculum virus could have been used instead, but may not have been as 

representative of a highly complex quasispecies like HIV-1 (463, 489). 

 We were interested in determining the effect of the initial seeding of the pigtailed 

macaque CNS and lymphoid tissues on the genetic profile of our SIVsmmFGb stock 

virus.  We believe the SIVsmmFGb quasispecies is representative of HIV-1 swarms (463, 

489) and is a strong model of virus seeding that is unique from studies using single, 
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molecularly cloned isolates.  An i.v. inoculation was used, as this route of infection is 

known to preserve the diversity of an SIV population better than mucosal infection (436, 

490).  ISH results coincided with our expectations of highly active viral replication in the 

lymph nodes and gastrointestinal tissues, but limited actively replicating virus in the CNS 

(173).  While the low numbers of SIVsmmFGb RNA-positive cells detected in the CNS 

may not be strongly convincing of active infection, our previous studies lead us to expect 

productive CNS infection at early time points; even by five or seven dpi (3, 173, 444).  In 

fact, detection of only low levels of SIVsmmFGb RNA in the CNS confirms that we are 

assessing the very earliest stages of initial CNS colonization, before extensive viral 

replication and accumulation of mutations, validating our choice of sampling at five or 

seven dpi.  As we expect only limited, diffuse, replication of SIVsmmFGb in the CNS so 

early in infection (3), it is possible the samples used for ISH simply did not contain any 

productively infected cells or levels of actively replicating virus were below the threshold 

of detection. The isolation of proviral DNA from brain tissues of most of the 

experimental animals also confirms SIVsmmFGb replication in the CNS, despite the lack 

of ISH support.  The CNS tissues sampled in this study were chosen from anatomical 

sites known to be important for neuropathogenic replication in HIV (basal ganglia and 

hippocampus (68, 69)) and SIV (cerebellum and midfrontal cortex (3, 70)) infections.  

The mesenteric lymph node was chosen from the gut-associated lymphoid tissues, a 

major area of SIV replication in early infection (436), while the axillary lymph node was 

selected to represent non-intestinal lymphoid tissues. 

 We were unable to amplify some viral genes from three of the CNS tissues 

harvested from animal PQo1, which was euthanized at five dpi, when we expected that 
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proviral DNA would be present in the CNS.  PQo1 was noted to have unusually low 

numbers of productively-infected cells in the lymph node and gastrointestinal tissues by 

ISH; similarly reduced levels of active virus replication in the CNS could explain the 

difficulty harvesting proviral DNA from those tissues.  While SIVsmmFGb replicates 

well in most pigtailed macaques (444), PQo1 may have been a rare host in which the 

virus was unable to initiate rapid dissemination.  From each of the midfrontal cortex and 

cerebellum of PQo1, we were eventually able to amplify one viral gene but, by the time 

we were successful, tissue supplies were exhausted and the remaining two genes could 

not be amplified.  Although there was no difficulty in amplifying viral genes from PQq1, 

which was also sacrificed at five dpi, we chose to sacrifice the remaining four animals at 

seven dpi, to ensure the virus would have sufficient time to begin colonization of the 

CNS and reduce the likelihood of difficulty harvesting proviral DNA. 

 The adaptive immune system is not expected to play a role in host responses to 

SIVsmmFGb at five or seven dpi.  The innate immune response, while presenting a 

challenge to virus replication, would not be expected to specifically target any subset of 

the quasispecies.  Thus, we suspect that any advantage a gene group has at five or seven 

dpi is due to some intrinsic replicative advantage.  Our results suggested that there was 

selective pressure against Env V1 region group 1 regardless of tissue, but no significant 

pressure on the other Env V1 region groups.  In general, changes in the Env V1 region 

have been shown to negatively impact SIV replication in macrophages (491).  As the Env 

V1 region is primarily involved in binding CD4 (492), it is possible that the Env V1 

regions in group 1 possess mutations reducing their capacity to bind CD4.  In the CNS, 

where the target cells for virus infection are primarily macrophage-related and express 
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low levels of CD4, a subset of viruses with diminished CD4-binding capacity would be 

expected to face a disadvantage (493).  Unexpectedly, there appeared to be selective 

pressure against both group 1 and group 2 Int sequences in all tissues, while selection 

favored Int group 3.  Viruses with Int sequences from groups 1 and 2 may replicate well 

in the human PBMC tissue culture used to produce the SIVsmmFGb stock virus but not 

in pigtailed macaques, due to species-specific host factors.  Conversely, group 3 Int 

sequences may have advantageous changes that improve in vivo replication, although this 

is unlikely given the low mutation rate of int (478, 479) and the general tendency of any 

mutation to impair protein function.  Our results suggested tissue-specific variation in the 

fitness of the two Nef groups in the CNS, but Nef diversity appears to be largely 

unaffected by seeding of the pigtailed macaque host.  HIV and SIV naturally trigger 

apoptotic pathways in infected cells (361, 494) but Nef protects cells, including 

macrophages, from these deleterious effects (361, 495).  If a mutation hampering this 

function was present in one of the Nef groups, this could lead to the death of cells 

infected with those Nefs and limit the spread of viruses in that group.  Similarly. Nef 

increases virion infectivity (361), and a Nef group with mutations in this function may 

also see reduction in the spread of the virus. 

 We expected that SIVsmmFGb env, int and nef sequences harvested from the 

CNS would compartmentalize separately from those obtained from the lymph nodes due 

to differences in available target cells.  While the lymph nodes provide ample 

lymphocytes and macrophages for virus infection, virus infecting the CNS is largely 

restricted to replication in macrophages and related cells (79, 122, 144, 145, 450, 496).  

In addition, while the peripheral lymphoid tissues may be exposed to infectious virus in 
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the blood and plasma, the BBB minimizes exposure of the brain to cell-free virus, leaving 

traffic of infected monocytes or direct BBB infection as the primary routes of CNS 

seeding (94, 105, 123).  While HIV and SIV env genes have been shown to form separate 

compartments between the CNS and lymph nodes, and even between CNS tissues (459, 

461, 477, 497), no similar research could be found for int and nef.  We expected nef and 

int would face the same pressures as env in terms of target cell availability and restricted 

seeding of the CNS.  However, we presumed that the reduced variability of nef and int 

would limit the compartmentalization of these two genes.  We did not expect to see any 

of the three genes form separate compartments between the axillary and mesenteric 

lymph nodes due to similarities in seeding and target cell availability between these two 

tissues.  We used two unique statistical analyses to test for compartmentalization, the 

modified Slatkin-Maddison test and the more stringent Mantel’s test (452, 461, 463), in 

order to strengthen our findings (488).  The results of both statistical tests supported our 

hypotheses for env V1 region, except that the Mantel’s test indicated that env V1 region 

sequences from the midfrontal cortex did not compartmentalize independently from those 

obtained from the lymph nodes in most animals.  This discrepancy may be due to the 

different stringencies of the tests; accounting for standard error, the s ratio values for the 

midfrontal cortex-lymph node comparisons in the modified Slatkin-Maddison test are 

very close to 1.  There may also be similarities between viruses seeding the midfrontal 

cortex and those seeding the lymph nodes or the midfrontal cortex and lymph nodes may 

exert similar selective pressures on the env V1 region.  We thus concluded that env V1 

region sequences from the basal ganglia, cerebellum and hippocampus formed separate 

compartments from each other, the midfrontal cortex and the lymph nodes.  The results of 
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both statistical analyses also largely supported our hypotheses for nef.  However, nef 

sequences from the axillary and mesenteric lymph nodes formed separate compartments 

from each other and, in the modified Slatkin-Maddison test, nef had a greater degree of 

compartmentalization overall than env V1 region.  The results of the more stringent 

Mantel’s test suggests that nef sequences from the lymph nodes do not compartmentalize 

separately from each other and, accounting for standard error, the modified Slatkin-

Maddison s ratio value for this comparison is close to 1.  However, further data will be 

required to analyze compartmentalization between these two tissues.  We thus conclude 

that nef sequences compartmentalize separately between CNS tissues and between the 

CNS tissues and the lymph nodes.  The results for int met most of our expectations, 

except that sequences derived from the basal ganglia and cerebellum did not 

compartmentalize separately from each other in the modified Slatkin-Maddison test, 

suggesting seeding of virus between these tissues or similar selective pressures on the int 

within these tissues.  However, compartmentalization of int between the basal ganglia 

and cerebellum was detected by Mantel’s test in all animals and the modified Slatkin-

Maddison s ratio value for this comparison is close to 1, accounting for standard error. 

 There are two likely causes of inter-tissue compartmentalization of virus gene 

sequences (461, 463):  First, while host tissues may all be seeded by the same or similar 

components of the quasispecies, selective pressures unique to each tissue may have 

different effects on swarm evolution in each tissue.  The second possibility is that tissue 

seeding represents a genetic bottleneck for the virus, with a limited subset of the 

quasispecies forming the founder population that infects a given tissue.  The latter 

possibility appeared most likely, given the restricted seeding and diffuse infection of the 
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CNS by SIVsmmFGb during acute phase (3, 444), as well as the lack of an adaptive 

immune response at five or seven dpi.  Analysis of dS and dN values for env V1, nef and 

int sequences from each tissue was performed to analyze for the presence of selective 

pressure (498), although such analysis does not completely rule out the possibility of a 

founder effect.  While the SIVsmmFGb swarm is primarily CCR5-tropic (173), which 

should allow efficient infection of macrophage-related cells in the CNS (79, 122, 144, 

145, 450, 496), a small subset of the quasispecies uses alternate co-receptors.  We 

expected this non-CCR5-tropic subset would face a selective disadvantage in the CNS 

and positive selection would favor mutation of these env V1 regions to CCR5 tropism.  

The results of our dS / dN tests suggest that env V1 region sequences in all six 

experimental tissues compartmentalized due to positive selection, although results from 

the midfrontal cortex were less convincing.  Similar dS / dN ratio values for env V1 

sequences from the basal ganglia and midfrontal cortex suggest similar selective 

pressures on the env V1 region in these tissues.  These results also argue against a 

founder effect being responsible for env V1 region selection in at least some of the CNS 

tissues.  With a genetic bottleneck in the CNS, we would expect to see stronger selection 

in these tissues compared to the lymph nodes, but our results indicate the strength of 

positive selection in the cerebellum and hippocampus is similar to that in the lymph 

nodes.  However, the level of active virus replication is much higher in the lymph nodes 

than in the CNS, which may result in increased selective pressure comparable to that of a 

genetic bottleneck in the CNS tissues.  Significant differences in env V1 region mean dS 

and/or dN values were noted in most comparisons between tissues, suggesting some 

functional variance in V1 regions between most tissues. 
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 We expected to find negative selection on nef sequences, as the product of this 

gene has multiple, conserved functional domains (359, 361).  Results of the dS / dN 

analysis supported our hypothesis, as nef sequences appeared to undergo negative 

selection in all six tissues.  Based on the significant differences in mean dS / dN ratio 

values, the hippocampus, cerebellum and axillary lymph node all exert similar selective 

pressures on the nef gene.  The basal ganglia, midfrontal cortex and mesenteric lymph 

node also all exert similar selective pressures on nef sequences, but these pressures are 

distinct from the other trio of tissues.  Given that nef sequences from all of the CNS 

tissues experienced a degree of selective pressure similar to one of the lymph nodes, this 

suggests a founder effect is not responsible for differences in selection between tissues.  

As nef is not expected to be under the same evolutionary pressure as the env V1 region, 

increased virus replication in the lymph nodes is less likely to obscure a possible founder 

effect in the CNS tissues.  While we cannot rule out a founder effect causing negative 

selection on nef sequences in the CNS, tissue-specific selective pressures appear to be a 

more likely explanation.  Significant differences between the mean dS values of nef 

sequences in some inter-tissue comparisons suggests there may be functional differences 

between viruses harvested from these tissues.  The mechanism of these functional 

differences is currently unknown. 

 We expected, and our results confirmed, negative selection of int sequences in all 

tissues, as the functional importance of this gene reduces the likelihood of amino acid 

changes (478, 479).  As most genotypes with mutations in int would be expected to be 

replication defective, they should be rapidly out-competed by those genotypes with a 

functional version of this gene.  Our results indicated that the effect of negative selection 
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on integrase in most of the CNS tissues is similar to that in the lymph nodes, which 

suggests that a founder effect plays little role in int selection.  As int would be expected 

to face very little selective pressure compared to env V1 region and nef, increased levels 

of virus replication in the lymph nodes should not obscure a founder effect in the CNS 

tissues.  However, we cannot rule out a genetic bottleneck on int in the CNS tissues and, 

indeed, our results suggest this may be an important factor on int selection in the 

hippocampus.  Based on differences in the mean dS / dN values of the int sequences, 

tissue specific selective pressures on this gene appear to be strongest in the hippocampus, 

though differences were also present between the two lymph nodes, and between the 

midfrontal cortex and one lymph node.  Most of the inter-tissue comparisons of int 

sequences had differences in the mean dS and/or dN value, suggesting some functional 

differences between genes from each tissue.  However, most of the differences were 

between int sequences from the CNS and the lymph nodes, rather than from one CNS 

tissue to another. 

 Our study focused only on the V1 region of env, due to difficulties we 

encountered constructing nested, full-length sequencing primers for this gene.  Once the 

primers are refined, we will fully sequence env and determine whether the results for the 

V1 region represent those for the complete gene.  Alternatively, we will sequence and 

analyze the other env variable loops.  We are currently analyzing the replication of 

SIVsmmFGb viruses, harvested from the experimental tissues from this study, in primary 

pigtailed macaque macrophage cultures.  These experiments may help reveal functional 

differences in the env V1 region, nef and int genes of the SIVsmmFGb viruses after five 

to seven dpi.  Experiments are also underway analyzing env V1 region, nef and int 
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sequences harvested from SIVsmmFGb-infected pigtailed macaques sacrificed at two 

mpi, during the clinically latent stage of infection.  That study will allow analysis of the 

results of long-term infection on the genetic diversity of SIVsmmFGb genes in various 

CNS and lymphoid tissues, as well as changes in compartmentalization and selection 

after onset of the adaptive immune response. 
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Chapter 2 

Neuropathogenic SIVsmmFGb Genetic Diversity and Selection-Induced Tissue-

Specific Compartmentalization during Chronic Infection and Temporal Evolution 

of Viral Genes in Lymphoid and Central Nervous System Tissues 

Adapted from Reeve, et al. In Press. 
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Results 

Diversity of Env V1 Region, Nef and Int Amino Acid Sequences Isolated from 

Pigtailed Macaque Brain Regions and Lymph Node Tissues at Two Months Post-

Infection 

 In our previous study, we determined that four groups of Env V1 region, two 

groups of Nef and three groups of Int amino acid sequences were present in our 

SIVsmmFGb stock virus (499).  We also analyzed how the prevalence of each group of 

each gene changed after one wpi in the pigtailed macaque host (499).  Here, we were 

interested in determining how the prevalence of those amino acid sequence groups, 

harvested from infected pigtailed macaques at two mpi, compared to the prevalence of 

those groups in the SIVsmmFGb stock virus.  For the Env V1 region (Fig. 13), the 

prevalence of sequence groups 1 and 2 decreased in the basal ganglia, compared to the 

SIVsmmFGb stock virus, while group 4 saw an increase in prevalence in this region of 

the brain.  The hippocampus had a reduced prevalence of Env V1 region sequence groups 

2 and 3, compared to the stock virus.  An increase in the prevalence of Nef sequence 

group 1, and decrease in the prevalence of group 2, was noted in the axillary lymph node, 

midfrontal cortex and hippocampus (Fig. 14).  The Int sequence group 1 prevalence 

increased in the basal ganglia, midfrontal cortex and hippocampus, compared to the stock 

virus (Fig. 15).  The prevalence of Int sequence group 2 decreased in the cerebellum, 

midfrontal cortex and hippocampus, while the prevalence of group 3 decreased in the 

basal ganglia. 

 We also compared the average group prevalence for Env V1 region, Nef and Int 

in pooled CNS region sequences to mean group prevalence in the stock virus and the 
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pooled lymph node tissue sequences.  Env V1 region sequence group 4 demonstrated an 

increased prevalence in the pooled CNS sequences, while groups 1 – 3 decreased, 

compared to the SIVsmmFGb stock virus (Fig. 16A).  Env V1 region sequence groups 1 

and 2 prevalence was lower in the CNS than the lymph nodes, while the presence of 

group 4 was higher in the CNS.  For Nef, the presence of sequence group 1 was lower in 

the pooled CNS sequences, compared to the stock virus, with a corresponding increase in 

the prevalence of group 2 (Fig. 16B).  The prevalence of Nef group 1 increased in the 

pooled lymph node sequences, compared to the stock virus, while the prevalence of 

group 2 declined.  Int sequence groups 2 and 3 had a lower prevalence in the pooled CNS 

sequences, compared to the SIVsmmFGb stock virus, but the prevalence of group 1 was 

higher in the CNS pool (Fig. 16C).  The level of Int group 2 was lower in the lymph node 

pool relative to the stock virus.  There was no significant difference seen in Nef or Int 

sequence group prevalence between the CNS and lymph node sequence pools. 

 The prevalence of each sequence group, for each gene in each tissue, was also 

analyzed in the experimental animals individually.  Five of the six animals sacrificed at 

two mpi had group 4 as the predominant Env V1 region group in all tissues analyzed, 

while the most prevalent group in animal PHt1 varied between tissues (Fig. 17).  For Nef, 

group 1 sequences were predominant in the lymph nodes, the midfrontal cortex and the 

hippocampus of all six animals, as well as in the basal ganglia and cerebellum of most 

animals (Fig. 18).  Although Int group 1 was generally the most prevalent sequence 

group, four animals had group 3 dominant, or at similar levels to group 1, in at least one  

lymphoid tissue or brain region (Fig. 19). 
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Phylogenetic Compartmentalization Analysis of Env V1 Region, Nef and Int Amino 

Acid Sequences Isolated from Pigtailed Macaque Brain Regions and Lymphoid 

Tissues Two Months Post-Infection 

 We utilized two methods of analysis to examine the compartmentalization of Env 

V1 region, Nef and Int sequences obtained from the various tissues.  The first test, the 

modified Slatkin-Maddison test, is a phylogenetic method of compartmentalization 

analysis.  Based on the results of this analysis, the Env V1 region amino acid sequences 

from each region of the brain compartmentalized separately from all other CNS regions 

and from the lymph nodes, but compartmentalization between the lymph nodes did not 

appear (Fig. 20A).  Similar results were found for the Nef (Fig. 20B) and Int (Fig. 20C) 

sequences.  The Env V1 and Int sequences had a similar degree of compartmentalization, 

with average s ratio values of 0.61, while Nef sequences had the strongest 

compartmentalization, with an average s ratio of 0.42. 

Phenetic Compartmentalization Analysis of env V1 Region, nef and int Nucleotide 

Sequences Isolated from Pigtailed Macaque Brain Regions and Lymphoid Tissues 

Two Months Post-Infection 

 The second test we used to investigate the compartmentalization of envelope V1 

region, nef and integrase sequences was the Mantel’s test, a phenetic method of analysis.  

Table 10 summarizes the Mantel’s test results on each of fifteen two-tissue comparisons 

of env V1 region, nef and int nucleotide sequences from all experimental animals.  This 

summary table indicates the number of animals in the cohort that had statistically 

significant compartmentalization of env V1 region, nef or int by Mantel’s test in each of 

the inter-tissue comparisons. Due to the size of the data sets, a full listing of Pearson’s 
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correlation coefficients and p-values for the env V1 region, nef and int nucleotide 

sequences can be found in Tables 11 – 13.  The env V1 region sequences obtained from 

each region of the CNS compartmentalized separately from the other brain regions, and 

from lymph node-derived sequences, in a majority of animals.  However, the env V1 

region sequences from the basal ganglia only compartmentalized separately from the 

axillary lymph node and hippocampus in half of the experimental animals.  

Compartmentalization of the env V1 region sequences between the lymph nodes 

appeared in only one test animal.  For both nef and int, the sequences compartmentalized 

separately between CNS regions, as well as between the CNS and the lymph nodes, in a 

majority of animals.  While none of the experimental animals demonstrated 

compartmentalization of nef between the lymph nodes, the axillary and mesenteric lymph 

nodes of one subject did have compartmentalization of int sequences. 

Synonymous and Nonsynonymous Nucleotide Substitution Rates of SIVsmmFGb 

env V1 Region, nef and int Sequences Isolated from Pigtailed Macaque Brain 

Regions and Lymph Node Tissues Two Months Post-Infection 

 In order to determine whether the env V1 region, nef and int genes were 

undergoing positive or negative selection at two mpi, we next analyzed  dS and dN for all 

of the sequences, as well as the ratio of dS to dN.  The env V1 region sequences harvested 

from all six of the experimental tissues had significantly higher dN values than dS values 

(Fig. 21A and Table 14), as well as dS /dN ratio values of less than 1 (Fig. 22A and Table 

15).  The basal ganglia-derived env V1 region sequences had the lowest mean dS value, 

while the sequences obtained from the cerebellum had a lower average dS value than 

those from the midfrontal cortex and mesenteric lymph node (Figs. 21A and D, Table 



79 
 

14).  The average dS values of env V1 region sequences from the mesenteric lymph node 

and midfrontal cortex were significantly higher than the dS values of sequences from the 

axillary lymph node and the other brain regions.  The lowest mean dN value appeared for 

the env V1 region sequences from the hippocampus.  While the average dN value of env 

V1 region sequences from the basal ganglia was higher than those in the hippocampus, it 

was lower than in both lymph nodes and the remaining two regions of the CNS.  The env 

V1 region sequences from the basal ganglia had the lowest mean dS /dN ratio value, while 

sequences from the cerebellum, axillary lymph node and hippocampus all had average dS 

/dN values lower than those sequences from the midfrontal cortex (Figs. 22A and D, 

Table 15).  The average dS /dN value of env V1 region sequences from the mesenteric 

lymph node was higher than the mean dS /dN values of sequences from the basal ganglia, 

cerebellum and axillary lymph nodes. 

 For the nef sequences, the mean dS values were significantly higher than mean dN 

values in all tissues and all tissues had an average nef dS /dN ratio value greater than 1 

(Figs. 21B and 22B, Tables 14 and 15).  The basal ganglia-derived nef sequences had the 

lowest mean dS value, while the mean dS value for nef sequences from the hippocampus 

was only higher than the mean dS value in the axillary lymph node (Figs. 21B and D, 

Table 14).  The highest mean dS value was for those nef sequences from the midfrontal 

cortex.  Those nef sequences obtained from the cerebellum had the highest mean dN 

value, while the sequences from the hippocampus and lymph nodes had the lowest mean 

dN values.  The nef sequences from the basal ganglia had the lowest average dS /dN ratio, 

while sequences from the cerebellum had a mean dS /dN ratio lower than the lymph nodes 
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and the remaining regions of the CNS.  The highest mean dS /dN value appeared in the nef 

sequences from the midfrontal cortex (Figs. 22B and D, Table 15). 

 The int sequences also had significantly higher mean dS values than mean dN 

values in all six tissues, and average dS /dN ratios greater than 1 (Figs. 21C and 22C, 

Tables 14 and 15), but no differences in mean dS values between tissues were noted 

(Figs. 21C and 21D, Table 14).  The midfrontal cortex-derived int sequences had a mean 

dN value higher than those from the axillary lymph node, but lower than sequences from 

the basal ganglia.  The mean dN value of int sequences from the hippocampus was 

significantly higher than the cerebellum and the lymph nodes, while sequences from the 

basal ganglia had a mean dN value higher than that of all other tissues except the 

hippocampus.  The average dS /dN values for int sequences obtained from the 

hippocampus and basal ganglia were significantly lower than the mean dS /dN values of 

sequences from all other tissues. 

Phylogenetic Analysis of Temporal Compartmentalization of Envelope V1 Region, 

Nef and Integrase Amino Acid Sequences between Pigtailed Macaque Brain and 

Lymph Node Tissues Harvested at One Week and Two Months Post-Infection 

 We were also interested in determining whether SIVsmmFGb sequences 

compartmentalized within a particular tissue over time.  Thus, we performed a modified 

Slatkin-Maddison test, comparing sequences obtained from a tissue at one wpi (499) with 

sequences obtained from the same tissue at two mpi.  Env V1 region amino acid 

sequences compartmentalized separately within each tissue, between time points, in all 

tissues studied (Fig. 23A).  While Env V1 region sequences from the basal ganglia had 

the lowest degree of temporal segregation of all the CNS regions, all brain tissues 
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demonstrated stronger temporal compartmentalization of Env V1 region than either 

lymph node.  Similar results were obtained for Nef, with temporal compartmentalization 

of this gene in all tissues, but a higher degree of segregation in the CNS over time (Fig. 

23B).  Nef sequences from the basal ganglia appeared to have the strongest intra-tissue 

temporal compartmentalization of all the CNS regions, while sequences from the 

midfrontal cortex had the weakest degree of temporal segregation.  All tissues 

demonstrated temporal compartmentalization of Int (Fig. 23C).  The Int sequences from 

the midfrontal cortex, cerebellum and lymph nodes had similar degrees of intra-tissue 

temporal compartmentalization, while basal ganglia-derived Int sequences had the 

highest degree of temporal segregation over time.  The sequences with the lowest degree 

of temporal segregation were the Env V1 region samples, with an average s ratio value of 

0.71, while the Nef sequences had the highest, with a mean s ratio value of 0.40.  The Int 

sequences fell in between, with an average s ratio value of 0.60. 

Discussion 

 While we have previously studied SIVsmmFGb neuropathogenesis and genetic 

diversity at one wpi (3, 444, 499), this follow-up study explores the genetic diversity and 

evolution of SIVsmmFGb at two mpi.  In studies with SIV infection of the CNS, viral 

replication has been detected in multiple regions of the brain for a period of up to two 

wpi (79, 499).  Subsequently, viral RNA within the CNS becomes undetectable by three 

wpi and active replication, as measured by viral RNA, does not become elevated again 

until 8 – 12 wpi (174, 202, 481).  The exact mechanism that suppresses SIV RNA 

expression within the CNS from 3 – 8 wpi has yet to be determined, however, research 

suggests that beta-interferon induces production of LIP, a dominant negative isoform of 
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the transcription activator LAP, in macrophages and related cells (181-183).  Interaction 

of LIP with the proviral LTR may then block viral transcription, preventing replication 

and inducing a latent infection in macrophages (176, 178-180, 185, 186).  Based on these 

SIV models, we would expect SIVsmmFGb replication in the CNS to be completely 

suppressed before two mpi.  Analyzing SIVsmmFGb genes at two mpi allows us to 

assess the virus population that emerges following completion of the initial burst of 

replication and evolution during the early weeks of infection.  The choice to sample at 

two mpi was balanced between choosing a time point late enough for the initial round of 

viral replication in the CNS to be complete, but early enough that the virus would not 

have emerged from suppression in most animals. 

 Prior studies of SIVsmmFGb have shown that rapid progressors do not 

demonstrate symptoms until at least three mpi (3), so we did not specifically monitor the 

animals in this study for overt clinical symptoms of lentiviral neuropathogenesis.  Still, 

none of the animals in this study were noted to have gross clinical signs of SIVsmmFGb 

neuropathogenesis at sacrifice.  Although research has not specifically addressed 

suppression of SIVsmmFGb replication in the CNS, based on the studies of other SIV 

strains discussed above, we would expect actively replicating SIVsmmFGb in the CNS to 

be present at low or undetectable levels in most animals at two mpi.  Our rationale for 

focusing on the SIVsmmFGb env V1 region, nef and int genes, as well as our choice of 

tissues to sample, is discussed above.  To elaborate on our choice of tissues, prior studies 

with SIVsmmFGb have shown development of lesions in the midfrontal cortex, 

cerebellum and hippocampus of rapidly-progressing animals, indicating these regions of 

the brain are involved in neuropathogenesis (3). 



83 
 

 A number of potential issues with our methodology, and the steps we undertook 

to minimize these biases, are described above.  One other potential flaw is that the tissue 

samples we harvested likely contain a number of different cell types that may support 

SIV infection.  The majority of SIV-infected cells in the CNS are of the monocytic cell 

lineage (macrophages and microglia), which harbor productive viral infection when 

replication is not suppressed (70, 104, 113, 122-125).   However, astrocytes and 

oligodendrocytes may also be infected with SIV (149, 153-155, 163, 167), yielding only 

a transient productive infection, followed by long-term viral latency (113, 159, 160).  

Given the limited replication of the virus in non-macrophage-related cells, we would 

expect limited selective pressure on SIVsmmFGb viruses infecting these cell types.  

Thus, infection of oligodendrocytes and astrocytes would not be expected to contribute 

significantly to evolution of the SIVsmmFGb genes analyzed in this study.  In 

macrophage-related cells, where virus replicates extensively during the early weeks of 

infection, viral genes should face increased selective pressure, contributing to the 

majority of SIVsmmFGb sequence evolution.  However, the methods used in our studies 

do not allow us to determine from which cells our gene sequences were obtained.  Given 

that we would expect most infected cells in the CNS to be macrophage-related, we would 

then expect the majority of our sequences to originate from these cell types, with 

astrocyte- or oligodendrocyte-derived sequences representing a much smaller proportion 

of our sample.  Future studies using techniques such as laser capture microdissection 

could allow us to collect specific cell types for use in isolating proviral DNA from the 

CNS. 
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 Other longitudinal studies of HIV and SIV genetic diversity have focused on 

samples from the peripheral blood lymphocytes, plasma or CSF (452, 500), allowing 

collection of samples at multiple time points from the same animal.  However, this type 

of sampling does not address viral genetic diversity and evolution in tissues such as the 

brain, which are difficult to sample in a longitudinal manner.  Thus, we utilized two 

pigtailed macaque cohorts:  One sacrificed after one wpi, described above, and the other 

after two mpi.  Variation between host animals may introduce biases not present in 

longitudinal samples from the same animal, but our procedure is more ethical and 

feasible. Though longitudinal analyses of SIV env sequence compartmentalization have 

been conducted in prior research (452), this investigation is unique in studying 

compartmentalization, evolution and genetic diversity in multiple CNS and lymphoid 

tissues. 

 Selection against Env V1 region sequence group 1 was noted across all 

experimental tissues at one wpi, likely due to lower fitness of sequences in this group 

relative to the other three groups (499).  We expected that the less-fit Env V1 region 

group 1 sequences would contribute to a smaller proportion of the proviral DNA 

population over time and the prevalence of these sequences would decline over the 

course of infection.  However, Env V1 region group 1 increased in prevalence in the 

lymph nodes and hippocampus at two mpi.  One possibility is that group 1 Env V1 region 

sequences possess mutations that provide a replicative advantage with the onset of host 

adaptive immunity (501-503).  Preliminary analyses indicate that group 1 sequences have 

an increased number of amino acid changes compared to sequences from the other three 

groups (data not shown), which could allow escape from neutralizing antibody (501-503).  
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However, the increased presence of group 1 sequences may reflect a decline in the 

proportion of the other Env V1 region groups in the virus population.  Given the 

increased prevalence of Env V1 region group 4 sequences at one wpi (499), we expected 

more virions with these Env V1 regions would be produced as infection continued.  This 

could lead to increased pressure on these sequences from the adaptive immune response 

and a decline in their prevalence as infection progressed.  However, while group 4 

sequences did face a selective disadvantage in the lymph nodes at two mpi, this group 

was selected for in the CNS over the course of infection.  Preliminary analyses of the Env 

V1 region group 4 sequences obtained in these studies indicate that the number of 

sequences in this group with an insertion in the V1 loop, which may affect the capability 

of the virus to enter target cells or allow viral escape from neutralizing antibody (501-

503), increases at two mpi (data not shown). 

 Tissue-specific variation in the fitness of Nef group 1 and 2 sequences was noted 

in the CNS samples harvested at one wpi, with group 1 the most prevalent in all tissues 

(499).  In the midfrontal cortex, hippocampus and lymph nodes, the prevalence of group 

1 Nef sequences increased by two mpi compared to the SIVsmmFGb stock virus.  Nef is 

capable of selectively downmodulating MHCI molecules (390, 504) and, if this function 

were defective in group 2 Nef sequences, this group may face a selective disadvantage in 

the CNS, where cytotoxic T cells may play some role in the immune response (199).  

However, Nef sequences from the basal ganglia and cerebellum had an increased 

prevalence of group 2 and decreased prevalence of group 1 by two mpi compared to the 

stock virus, suggesting selective pressure on Nef varies between regions of the brain. 
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 At one wpi, selection favored Int group 3 (499).  We expected this trend could 

continue through two mpi, although the increased prevalence of group 3 Int sequences at 

one wpi could result in increased adaptive immune pressure on this group.  Consistent 

with this, Int group 3 prevalence was lower at two mpi in all tissues, compared to one wpi 

(499).  Increases in the prevalence of groups 1 and 2 at two mpi could result from an 

advantage of these sequences or merely be a proportional increase, due to selection 

against group 3.  In the CNS, the prevalence of Int groups 1 and 3 was higher at two mpi, 

while the prevalence of group 2 declined, compared to the SIVsmmFGb stock virus.  The 

decreased prevalence of group 3 Int sequences in the CNS from one wpi to two mpi 

suggests selection against this group over time. 

 The env V1 region sequences formed separate compartments between most 

tissues at one wpi (499).  We expected that env V1 region sequence compartmentalization 

would increase at two mpi, given continued replication of the virus and selective 

pressures unique to each microenvironment.  The results supported our expectations, 

showing segregation of env V1 region sequences between all tissues except the axillary 

and mesenteric lymph nodes at two mpi.  Compartmentalization of env V1 region 

sequences was weaker in a slight majority of inter-tissue comparisons at two mpi than at 

one wpi (499), suggesting a mixture of convergent and divergent evolution of env V1 

region sequences between compartments over time. 

 At one wpi, nef sequences formed distinct genetic compartments in all tissues 

(499).  Given our expectation of differences in virus replication and selective pressures 

between each microenvironment, we expected increases in nef compartmentalization over 

time.  The results confirmed our expectations, showing that nef sequences form separate 
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compartments between different regions of the CNS, and between the CNS regions and 

the lymph nodes, at two mpi.  Axillary and mesenteric lymph node-derived nef sequences 

did not compartmentalize separately from each other at two mpi, perhaps due to the ease 

of virus transfer between lymph nodes.  The degree of nef compartmentalization was 

largely weaker at two mpi than one wpi (499), suggesting convergent evolution of nef 

sequences between most tissue compartments. 

 The formation of distinct int sequence compartments between most tissues was 

noted at one wpi (499).  Given the resistance of int to mutation (479), we expected the 

inter-tissue int sequence compartments to remain stable over time.  At two mpi, int 

sequences formed distinct genetic compartments between all regions of the CNS and 

between the CNS regions and the lymph nodes, confirming our expectations.  In most 

two-tissue comparisons, the strength of int compartmentalization increased by two mpi, 

compared to one wpi (499), suggesting divergent evolution of int sequence populations.  

However, all inter-tissue comparisons involving sequences from the hippocampus 

showed weaker compartmentalization at two mpi than one wpi (499), suggesting 

convergent evolution of int between the hippocampus and the lymph nodes, as well as 

between the hippocampus and the other regions of the CNS. 

 We expected sequences from each tissue at two mpi to compartmentalize 

separately from those obtained at one wpi, reflecting additional virus evolution and 

exposure to selective pressure prior to the suppression of replication.  Intra-tissue 

temporal compartmentalization was seen for all three genes in all tissues, suggesting that 

sequences within a tissue diverge over time.  For Nef and Env V1, temporal segregation 

was strongest within each region of the CNS, suggesting greater divergence of sequences 
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in these regions over time, compared to the lymph nodes.  Temporal 

compartmentalization of Int was similar in most of the tissues, suggesting little difference 

between divergence of Int in the CNS and lymph nodes over time.  Genetic divergence of 

Env V1 region and Nef in the brain may be necessary to allow efficient viral replication 

in target cells or escape from immune pressures specific to the CNS.  As the highly 

conserved function of Int does not play a role in virus entry into target cells or avoidance 

of the immune system, this gene would not be expected to diverge in the CNS relative to 

the lymph nodes.  Preliminary genetic analysis of the SIVsmmFGb Nef amino acid 

sequences in our studies indicate that amino acid changes in the basic region, N-proximal 

Y residues and PAK binding site increase over time in both lymph nodes and all regions 

of the CNS (data not shown).  Nef sequences from the CNS appear to accumulate an 

increased number of amino acid changes in the AP interaction site over time, compared 

to sequences from the lymph nodes.  These changes suggest that a number of Nef 

functional motifs adapt to enhance the replicative potential of the virus in the CNS and 

that Nef may plays an important role in driving SIVsmmFGb compartmentalization. 

Analysis of intra-tissue temporal compartmentalization by Mantel’s test was not feasible 

given the number of sequences and software limitations. 

 At one wpi, negative selection contributed to nef and int compartmentalization, 

while positive selection was a factor in env V1 region segregation (499).  We expected 

that positive selection on the env V1 region sequences would increase over time, with 

selection for increased co-receptor usage and adaptive immune pressure selecting for 

escape mutants.  Given the conserved functions of nef (364-367), we expected the 

resistance of this gene to mutation would overcome selective pressures for escape 
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mutants, and that negative selection would continue.  Similarly, given the tendency of int 

to evolve slowly and resist amino acid changes (479), we expected negative selection on 

that gene to continue.  The dS /dN values for sequences harvested at two mpi confirmed 

that positive selection of env V1 region, and negative selection of nef and int, continued 

over the course of infection. The strength of positive selection on env V1 region 

sequences increased over time in most tissues, based on lower mean dS /dN values at two 

mpi compared to one wpi (499).  Conversely, the strength of negative selection on nef 

and int sequences increased over time in most tissues, based on increased mean dS /dN 

values at two mpi compared to one wpi (499).  Although preliminary analysis suggests 

that nef accumulates mutations in certain functional motifs (data not shown), there may 

be enough purifying selection on other domains to cause an overall increase in negative 

selection. 

 Changes in the mean dS value are affected by the frequency of silent synonymous 

mutations, while dN is affected more by the nonsynonymous substitutions induced by 

selective pressure (505, 506).  If both the mean dS and mean dN value are highest at two 

mpi, this suggests the general rate of mutation of a gene increases over the course of 

infection, likely resulting from external selective pressures, such as the immune response, 

and factors intrinsic to the virus, such as generation time and replication fidelity.  

Increases in both mean dS and mean dN from one wpi to two mpi occurred for env V1 

regions from the midfrontal cortex and lymph nodes, nef sequences from the cerebellum 

and hippocampus and int sequences from the basal ganglia and cerebellum (499).  If 

sequences have a higher mean dS value and lower mean dN value at two mpi than one 

wpi, this indicates that silent mutations increase over the course of infection, with 
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reduced accumulation of amino acid changes.  This suggests that evolution is influenced 

more by factors intrinsic to the virus than external selective pressure.  This pattern 

appeared for env V1 region sequences in the hippocampus; nef sequences in the axillary 

lymph node and midfrontal cortex; and int sequences in the midfrontal cortex, 

hippocampus and mesenteric lymph node (499).  A higher mean dN value at two mpi 

compared to one wpi, but lower mean dS, suggests an increased rate of amino acid 

substitutions over time, while the rate of silent mutation declines.  In this situation, which 

occurred in basal ganglia-derived env V1 region sequences (499), evolution is influenced 

more by external selective pressure.  Finally, decreased mean dS and dN values at two 

mpi, compared to one wpi, indicate evolution is due to a combination of intrinsic and 

extrinsic factors, but the general rate of mutation is lower.  Decreases in both dS and dN 

occurred in env V1 region sequences from the cerebellum, int sequences from the axillary 

lymph node and nef sequences from the basal ganglia and mesenteric lymph node (499). 

 We also expected an increase in functional differences between env V1 regions 

harvested from the CNS and the lymph nodes, given expected variance in selective 

pressures between the CNS regions and the lymph nodes.  At two mpi, most inter-tissue 

comparisons had some variation in mean dS or dN, suggesting functional differences 

between env V1 regions from different tissues.  The number of inter-tissue comparisons 

with a significant difference in mean dS, dN or both increased at two mpi, compared to 

one wpi (499), suggesting that env V1 regions in the various compartments gained 

functional differences as infection progressed.  At two mpi, most inter-tissue comparisons 

of nef sequences had differences in either dS or dN, suggesting variations in nef function 

between tissues. Compared with the results at one wpi (499), this suggests differences in 
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nef function between compartments develop over the course of infection.  At two mpi, 

variations in mean dN were noted in the majority of int inter-tissue comparisons, 

suggesting functional differences between certain tissues.  An overall net loss of 

functional differences in int between tissues was noted by two mpi, compared to one wpi 

(499). 

 While our study did not specifically analyze the immune responses of the infected 

animals to SIVsmmFGb, the host adaptive immune response may potentially have some 

role in the evolution of the viral genes analyzed in this study.  In studies with other SIV 

and HIV strains, CD8+ T cells are known to infiltrate the CNS (199) and can respond to 

Nef and Int proteins (507), as well as epitopes within the Env V1 region (508).  Relative 

to protein length, Nef elicits the greatest CTL response of the three genes considered in 

this study, while responses to Int and the Env V1 region are comparatively moderate and 

low, respectively (507, 508).  The high mutation rate and variability of the env gene can 

alter Env CTL epitopes, making the CD8+ T cell response less effective, over time, than 

against less variable proteins such as Nef and Int (509).  If CD8+ T cells play a similar 

role in the response to SIVsmmFGb in the CNS, then we might expect the evolution and 

compartmentalization of all three genes analyzed in this study to be partly due to 

differences in CTL activity in different regions of the brain.  Unlike Int and Nef, 

however, the Env protein also induces neutralizing antibodies (196, 509, 510), 

particularly the V1 region (343, 486).  Although the BBB normally blocks antibody entry 

into the CNS, Env can damage this barrier (195) and allow extravasation of serum 

proteins, including IgG (193, 194).  While prior studies have demonstrated that plasma 

levels of anti-SIV p27 antibody have a negative correlation with SIVsmmFGb viral load 
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in the CNS upon progression to neurological disease (3), it is currently unknown what 

role Env-specific antibodies might play in SIVsmmFGb neuropathogenesis.  The early 

appearance of humoral responses to other SIV strains (196, 197), and the efficacy of 

these responses against other macrophage-tropic viral strains (198), suggest antibodies 

may be involved in adaptive immunity in the CNS.  If SIVsmmFGb elicits similar 

antibody responses to other SIV strains, we might expect the humoral response to play a 

role in env V1 region evolution in the CNS.  Future studies may be necessary to analyze 

the cellular and humoral immune responses to SIVsmmFGb in the CNS and determine 

how these responses correlate with the evolution and compartmentalization of viral 

genes.  Of particular interest would be to compare immune responses and sequence 

evolution between SIVsmmFGb-infected animals with different rates of disease 

progression, as well as the rare animals that do not develop neuropathogenesis.  This may 

allow for the determination of host- or virus-specific factors that influence the 

development and progression of SIVsmmFGb neuropathogenesis. 
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Chapter 3 

Pairwise Distances Between SIVsmmFGb env V1 Region, nef and int Nucleotide 

Sequences and Mutations in Functional Domains of Env V1 Region, Nef and 

Integrase Amino Acid Sequences from the Central Nervous System and Lymph 

Nodes of Infected Pigtailed Macaques at One Week and Two Months Post-Infection 

Adapted from Reeve, et al. Unpublished Data. 
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Results 

Comparison of Pairwise Distances of SIVsmmFGb env V1 Region, nef and int 

Sequences Between and Within Lymph Node Tissues and CNS Regions from 

Infected Pigtailed Macaques at One Week and Two Months Post-Infection 

 We calculated the average pairwise distance between sequences from each 

possible pair of tissues to determine the degree of relation between env V1 region, nef 

and int sequences.  The average pairwise distance for each two-tissue comparison at one 

wpi was then compared to the same two-tissue comparison at two mpi.  For the env V1 

region, the average pairwise distance between sequences from the axillary lymph node 

and each region of the CNS increased over time (Fig. 24).  Similar results were noted 

when comparing env V1 regions between the axillary and mesenteric lymph nodes, as 

well as between the mesenteric lymph node and each region of the CNS.  When 

comparing areas of the CNS to each other, the average pairwise distance between env V1 

regions decreased from one wpi to two mpi.  The average pairwise distance between nef 

sequences decreased over time in most two-tissue comparisons (Fig. 25).  The exception 

was the comparison of the cerebellum and mesenteric lymph node, where the mean 

pairwise distance increased from one wpi to two mpi.  Between int sequences, the 

average pairwise distance increased over time in most two-tissue pairs, except the 

comparison of the basal ganglia and hippocampus (Fig. 26).  Across all two-tissue 

comparisons, env V1 region sequences had the greatest average mean pairwise distance at 

both one wpi (0.049) and two mpi (0.048).  The mean average pairwise distance was 

lowest for int, with values of 0.018 and 0.019 at one wpi and two mpi, respectively.  We 

performed all possible statistical comparisons of all the average two-tissue pairwise 
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distance values at both one wpi and two mpi and found statistically significant 

differences between most of the values for all three genes (Tables 16 – 18). 

 We also compared the average pairwise distance of the env V1 region, nef and int 

nucleotide sequences within each experimental tissue, at one wpi and two mpi, to 

determine the distance between sequences in each tissue and whether sequences within a 

tissue become more or less distant over time.  For the env V1 region, the average pairwise 

distance between sequences increased over time in the hippocampus and both lymph 

nodes but decreased in the remaining three regions of the CNS (Figs. 27A and B).    The 

average pairwise distance between nef sequences decreased over the course of infection 

in all tissues except the mesenteric lymph node (Figs. 27C and D).  For int, the average 

pairwise distance between sequences decreased from one wpi to two mpi in all tissues 

except the hippocampus (Figs. 27E and F).  The env V1 region had the highest mean 

average pairwise distance value within tissues at one wpi (0.032) and two mpi (0.035), 

while int had the lowest average mean pairwise distance within tissues at both time points 

(0.014).  We performed all possible statistical comparisons of all average intra-tissue 

pairwise distances, finding significant differences between most of the values for all three 

genes (Table 19). 

Prevalence of Sequences with Mutations in Functional Domains of SIVsmmFGb 

Env V1 Region, Nef and Int Amino Acid Sequences from the Lymph Nodes and 

Central Nervous System of Infected Pigtailed Macaques at One Week and Two 

Months Post-Infection 

 We also analyzed the Env V1 region, Nef and Int amino acid sequences for 

changes in the prevalence of mutations in known functional domains.  We performed 
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literature searches to determine important functional motifs in each protein and calculated 

the percentage of sequences in the SIVsmmFGb stock virus with mutations in these 

domains.  We then determined the proportion of sequences from the lymph node and 

CNS sequences pools, at both time points, with mutations at these sites. 

 The Env V1 region stock virus consensus sequence was 57 amino acids long and 

contained 13 potential OLGs (Fig. 28); we chose to study changes in both sequence 

length and the total number of OLGs.  The stock virus consensus sequence also had three 

potential NLGs, at positions 39 – 41, 49 – 51 and 64 – 66.  We analyzed for any 

mutations removing an NLG, S-to-T mutations that could change an NLG while leaving 

it intact and an N49S/T mutation that could shift the second NLG to positions 47 – 49.  

We also evaluated sequences for an I10S/T mutation, which could potentially produce a 

new NLG at positions 8 – 10.  While most insertions in the Env V1 region consisted of 

one or more T residues, we also noted a six-amino acid insertion in a number of 

sequences.  This insertion consisted of the residues K-S-P-K-A-E, taking up positions 26 

– 31 and flanked by V32A and A33I mutations on the C-terminal end. 

 The average Env V1 region sequence length and number of OLGs increased over 

the course of infection in both the lymph node and CNS (Figs. 31A and B, Tables 20 and 

21).  Both the average sequence length and mean number of OLGs were greatest in the 

CNS at two mpi, with 58.6 amino acids and 14 OLGs, respectively.  The prevalence of 

the K-S-P-K-A-E insertion also increased over time in the CNS and lymph nodes (Fig. 

31C, Table 22).  The greatest frequency of K-S-P-K-A-E was in the CNS at two mpi, 

occurring in 37% of sequences, compared to 22% of sequences in the lymph nodes at that 

time.  The prevalence of mutations removing the NLG at positions 39 – 41 declined in 
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both sequence pools at one wpi, compared to the stock virus (Fig. 31D, Table 23).  By 

two mpi, the proportion of sequences in the CNS with these mutations returned to levels 

similar to the stock virus.  The proportion of sequences with the first NLG removed was 

highest in the lymph nodes at two mpi.  The prevalence of mutations moving the second 

NLG decreased in the CNS at two mpi, compared to the lymph node at both time points 

and the stock virus (Fig. 31E, Table 24).  No significant prevalence changes, relative to 

the stock virus, were noted for I10S/T mutations, mutations removing the second or third 

NLGs or S-to-T mutations modifying any NLG (data not shown). 

 Potentially important functional domains and residues in Nef are shown in Fig. 

29.  Mutations in the basic region increased in the CNS and lymph nodes at one wpi and 

two mpi, relative to the stock virus, but no differences were noted between the lymph 

node and CNS pool at or between time points (Fig. 32A, Table 25).  The prevalence of 

mutations in the N-proximal Y residues increased in both pools at one wpi and remained 

stable in the CNS, but increased further in the lymph nodes from one wpi to two mpi 

(Fig. 32B, Table 26).  The proportion of sequences with one or more mutations in the 

acidic region decreased from stock virus levels in the CNS and lymph nodes at both time 

points (Fig. 32C, Table 27).  While the proportion of sequences with changes in this 

region remained stable in the CNS, these mutations declined in the lymph nodes over 

time.  By one wpi, the prevalence of sequences with mutated thioesterase binding sites 

increased in the CNS and lymph node, compared to the stock virus (Fig. 32D, Table 28).  

While the proportion of sequences in the CNS with these mutations increased further by 

two mpi, the frequency declined in the lymph node.  The proportion of sequences with 

mutations in the AP interaction site increased by one wpi in both the CNS and lymph 
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nodes (Fig. 32E, Table 29).  By two mpi, the prevalence of mutations in this domain 

declined in the lymph nodes, but continued to increase in the CNS.  No significant 

difference in the frequency of mutations, relative to the stock virus, was noted in the 

myristoylation, CD4 downregulation, P-rich, PAK-binding, V1H or MHC-1 

downregulation sites (data not shown). 

 Potentially important residues and domains of the Int protein are noted in Fig. 30.  

The flexible loop in the active site saw a decreased frequency of mutations by one wpi in 

the CNS and lymph node, relative to the stock virus (Fig. 33, Table 30).  The proportion 

of these mutations was stable over time in the lymph node, but continued to decline in the 

CNS.  No significant changes in the prevalence of mutations, relative to the stock virus, 

were noted in any other Int domain (data not shown). 

Prevalence of Specific Mutations in Functional Domains of SIVsmmFGb Env V1 

Region, Nef and Int Amino Acid Sequences in the Central Nervous System and 

Lymph Nodes of Infected Pigtailed Macaques at One Week and Two Months Post-

Infection 

 After determining which Env V1 region, Nef and Int functional domains had a 

significant change in mutation prevalence, we analyzed for which residues were mutated 

in these domains.  For all three genes, we determined the percentage of sequences in the 

lymph node and CNS sequence pools at one wpi and two mpi, as well as the stock virus, 

with mutations at each residue, relative to the stock virus consensus sequence.  For the 

Env V1 region, sequence variation clustered mostly around the K-S-P-K-A-E insertion 

but other peaks of mutation prevalence appeared at positions 13, 24, 46 and 62 (Fig. 34).  

Most residues in Nef had a low frequency of mutation in all five sequence pools (Fig. 
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35).  The basic region had a number of peaks of mutation frequency, particularly 

positions 9, 13, 14 and 19.  Peaks also appeared at position 28 in the N-proximal Y-

residues, position 153 in the thioesterase binding site and position 193 in the AP 

interaction site.  Other peaks of sequence variation, most not associated with any 

functional motif, appeared at positions 43, 55, 101, 104, 136, 144, 181, 200, 222, 229, 

250 and 254.  Most residues in Int demonstrated little variation in all five sequence pools 

(Fig. 36).  No peaks of mutation frequency appeared in the flexible loop in the active site, 

but residues with a relatively high proportion of mutations appeared at positions 52, 59, 

60, 202, 260 and 377. 

 A mutation in N39 or S41 could potentially remove the first NLG in the Env V1 

region.  While no significant changes in the prevalence of mutations at N39 were noted 

(data not shown), mutations to S41 were more common in both pools at two mpi, 

compared to one wpi and the stock virus, with changes most frequent in the lymph node 

(Fig. 37A, Table 31).  The most common amino acid substitution at this site was S41N/Y 

(Table 51).  The proportion of mutations at N49 in the CNS at one wpi was similar to the 

stock virus, but decreased by two mpi (Fig. 37B and Table 32).  In the lymph node, 

variation at this site remained similar to the stock virus over time.  All substitutions 

shifting the second NLG were N49S, with no N49T mutations noted (Table 51). 

 Analyzing specific amino acid residues in the Nef basic region demonstrated no 

significant change in the frequency of mutations at positions 7, 8, 10, 11 and 16 – 18 

(data not shown).  The percentage of mutations at R13, G14 and K19 increased over the 

course of infection in the lymph node and CNS (Figs. 38C, D and F, Tables 35, 36 and 

38).  Mutations in Q9 also increased over time in the lymph nodes, relative to the stock 
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virus, but remained stable in the CNS after an increase at one wpi (Fig. 38A and Table 

33).  Mutations in Q12 and G15 increased from the stock virus to one wpi in both 

sequence pools, but declined again by two mpi (Figs. 38B and E, Tables 34 and 37).  The 

most prevalent mutations were Q9R, Q12R, R13Q, G14R, G15R/K and K19R (Table 

51).  In the Nef N-proximal Y residues, variation at H28 increased in both the lymph 

node and CNS over time (Fig. 39A, Table 39).  At Y39, the frequency of mutations 

declined in the CNS and lymph node by one wpi, relative to the stock virus (Fig. 39B, 

Table 40).  By one wpi, the percentage of these mutations in the CNS remained low, but 

recovered to stock virus levels in the lymph nodes.  The most common mutations at these 

sites were H28Y and Y39C (Table 51). 

 In the Nef acidic region, no significant changes were noted at position 90 (data 

not shown), but variation at D89 declined in both the CNS and lymph nodes over time, 

relative to the stock virus (Fig. 40A, Table 41).  The percentage of mutations in D91 and 

D94 declined in the lymph nodes over time (Figs. 40B and E, Tables 42 and 45).  The 

frequency of mutations at these sites in the CNS declined by one wpi, and then increased 

somewhat by two mpi.  At D92 and E96, the percentage of mutations increased in the 

CNS by one wpi, but returned to levels below the stock virus by two mpi (Figs. 40C and 

G, Tables 43 and 47).  The proportion of mutations at these sites decreased over time in 

the lymph nodes.  The variation at D93 and D95 declined in both pools by one wpi, 

followed by slight increases by two mpi (Figs. 40D and F, Tables 44 and 46).  The most 

common changes were E96K and D-to-N mutations at positions 89 and 91 – 95 (Table 

51). 
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 In the Nef thioesterase binding site, the prevalence of mutations to I153 increased 

over time in the CNS, relative to the stock virus (Fig. 41A, Table 48).  In the lymph 

nodes, variation at position 153 increased by one wpi, followed by a decline to below 

stock virus levels at two mpi.  The most common mutation at this site was I153V (Table 

51).  No significant changes were noted in the proportion of mutations at P154, D155 or 

positions 190 – 192 and 194 in the AP interaction site (data not shown).  At Y193, the 

prevalence of mutations increased over time in the CNS and by one wpi in the lymph 

nodes, followed by a decline back to stock virus levels in the lymph nodes by two mpi 

(Fig. 41B, Table 49).  In the CNS, the proportion of the changes to V195 declined by one 

wpi, and then increased to levels beyond the stock virus by two mpi (Fig. 41C, Table 50).  

By one wpi, variation in this site in the lymph node was similar to the stock virus, with a 

slight decline by two mpi.  The most common changes at these sites were Y193C and 

V195M (Table 51). 

Discussion 

 We found that the mean pairwise distance of env V1 region sequences increased 

from one wpi to two mpi between all lymph nodes and the CNS regions, suggesting that 

env V1 regions in the CNS become less closely related to sequences in the lymphoid 

tissues over time.  As productive infection is suppressed after three wpi in the CNS, but 

not the periphery (79, 174), the env V1 region should face more exposure to selective 

pressure in the lymph nodes, driving nucleotide changes that increase the pairwise 

distance between these tissues and the CNS.  Conversely, the average pairwise distance 

of env V1 regions decreased between regions of the CNS, suggesting that sequences from 

different areas of the brain become more closely related as infection progresses.  Similar 
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selective pressures on the env V1 region may be present throughout the CNS during 

replication from one to three wpi, causing the env V1 regions in different brain areas to 

evolve in a similar manner.  The average pairwise distance of env V1 regions increased 

over time between the axillary and mesenteric lymph nodes.  As the rate of virus 

replication should be high in both lymph nodes (444), we might expect rapid evolution of 

the env V1 region populations in each of these tissues.  Minor differences in selective 

pressure between lymph nodes could then result in populations becoming less related 

over time, even with similar rates of virus replication and the potential for exchange of 

viruses between lymph nodes. 

 For nef sequences, the mean pairwise distance decreased between most tissues 

over the course of infection.  This coincides with our expectations, as mutated nef genes 

should generally have decreased fitness and be selected against, causing the nef 

populations in each tissue to become more closely related over time.  These results also 

fit with our previously reported data showing that negative selection on nef increases over 

the course of infection (499).  Purifying selection should drive nef sequences towards a 

consensus sequence, resulting in populations in different tissues that are more closely 

related over time. 

 Against our expectations, the average pairwise distance between int sequences 

from most tissues increased over the course of infection, suggesting that int genes from 

different tissues become less related over time.  As this gene is highly conserved and 

resistant to mutation (478, 479), we might expect the average pairwise distance of int 

sequences to decrease between tissues over time.  Our previous results, demonstrating 

increased purifying selection on the int gene over time (499), further indicate these 
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sequences should develop towards a similar sequence in all tissues.  However, certain 

regions of int, particularly the C-terminal domain, are somewhat more variable than the 

rest of the protein (415, 511).  Given the conservation of the rest of int, a small number of 

mutations in this area may cause significant changes in the average pairwise distance 

between tissues.  Our previous studies indicated that int has a much higher dS than dN, 

and that dS increases in most tissues over time (499).  Synonymous substitutions could 

alter the int nucleotide sequence, and increase the pairwise distance between tissues, 

while not affecting the amino acid sequence or selection on the protein (505).  Of the 

three genes studied, int has the lowest average mean pairwise distance between tissues at 

both time points, as well as the least amount of change in average pairwise distance from 

one wpi to two mpi for any given two-tissue comparison.  Therefore, between any two 

tissues, the int sequences remain the most closely related of the three genes studied. 

 Our analyses of the average pairwise distances between nucleotide sequences 

within the same tissue demonstrated that env V1 regions within each lymph node become 

less related over time.  This may be expected, as the high levels of viral replication in 

these tissues, and continued exposure to host immune responses, should lead to increased 

changes in nucleotide sequence over time.  Conversely, env V1 regions within most of 

the individual CNS regions became more closely related over time, suggesting that 

selective pressures in each region of the CNS vary little from one wpi until the 

suppression of replication.  In this case, it would be advantageous for the env V1 region 

to evolve towards a consensus sequence that can avoid these selective pressures until the 

onset of suppression.  For nef, the average pairwise distance between sequences within 

each tissue decreases over the course of infection in the majority of tissues.  Once again, 
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this is likely due to less fit, mutated nef genes being out-competed by genes with fewer 

mutations.  The mean pairwise distances between nef sequences within a tissue are lower 

than for the env V1 region, suggesting that nef genes are generally more closely related 

than env V1 region genes in the same tissue.  For int, the mean pairwise distance between 

sequences within each tissue decreased over time in most tissues, suggesting these 

sequences become more closely related within a tissue over time.  This may be due to 

increased negative selection, as detected in our previous studies, with mutated sequences 

out-competed by wild-type genes.  Over time, sequences within each tissue may converge 

towards a consensus sequence that is slightly different from that in other tissues, perhaps 

leading to int genes from different tissues becoming less related.  The average pairwise 

distance between int sequences within a tissue is the lowest out of all three genes studied, 

coinciding with our expectations that int sequences should remain much more closely 

related than nef or the env V1 region. 

 Our results demonstrated an increase in the average length, and number of OLGs, 

in the Env V1 region over time, with the greatest length and number of OLGs present in 

the CNS at two mpi.  As increased Env V1 region length and glycosylation can allow for 

evasion of neutralizing antibody responses (335, 338, 348, 355), these changes may be 

the result of viral adaptations to host immune responses.  Additionally, increased Env V1 

region length increases R5-tropism and selects against utilization of alternate co-receptors 

(335, 338).  As most target cells in the CNS are monocyte-lineage (70, 104, 113, 122-

125), CCR5 is the primary viral co-receptor in the brain and highly R5-tropic strains 

should have a selective advantage.  We also found a K-S-P-K-A-E insertion that 

lengthens the V1 loop by six amino acids, which may reduce recognition of this region by 
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neutralizing antibody and improve binding to CCR5.  The S residue in this motif may 

also be an OLG, potentially increasing glycosylation and improving escape from 

neutralizing antibody, which could prove beneficial to replication in the lymph nodes.  

The P residue in this motif may significantly affect the V1 loop structure (512, 513), 

which could contribute further to escape from antibody recognition. 

 We also found the prevalence of mutations removing the first NLG decreased by 

one wpi in the lymph nodes and CNS, and then rebounded by two mpi.  N-linked 

glycosylation can allow the Env V1 region to avoid antibody recognition (335, 347), so 

removal of the first NLG may initially be selected against to allow evasion of the early 

neutralizing antibodies.  However, as host responses adapt, the first NLG may become a 

target for antibody recognition and viruses with mutations that remove this site may have 

a selective advantage.  The increased presence of neutralizing antibody responses in the 

lymph nodes, compared to the CNS, may explain the higher proportion of mutations 

removing the first NLG in the lymph nodes at two mpi.  The increase in mutations at this 

site was likely due to S41N/Y substitutions.  As N and Y are both hydrophilic-neutral 

(514), replacing S with either of these amino acids could abrogate the NLG while still 

preserving the Env V1 region structural stability.  The frequency of mutations moving the 

second NLG decreased in the CNS at two mpi, relative to all other sequence pools, 

suggesting that N49S is selected against in the CNS.  One possibility is that moving the 

second NLG may negatively impact Env V1 region loop stability or co-receptor binding.  

As this mutation also changes the protein glycosylation profile, the selective pressure 

from high levels of antibody in the periphery may allow these mutations to persist in the 
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lymph nodes.  However, no selective benefit would be present with the limited antibody 

responses in the CNS and strains with this mutation could be at a disadvantage. 

 Although not within any of the structural domains we studied, the frequency of 

mutations at position 24 in the Env V1 region declined by one wpi in both the CNS and 

lymph node but rebounded to levels greater than in the stock virus by two mpi.  The most 

common mutation is I24T, potentially adding an OLG, which may allow evasion of host 

immune responses (355).  Mutations at positions 13, 46 and 62 increased over the course 

of infection, suggesting selection for mutations at these sites.  The T residue at position 

13 is a potential OLG, but perhaps glycosylation at this site may be selected against due 

to negatively impacting structural stabilities or co-receptor binding.  The most common 

mutation at this site is T13P (data not shown), and the addition of a P residue may alter 

the structure of the Env V1 loop sufficiently to allow escape from immune responses.  

The mutation E46S exchanges a hydrophilic charged amino acid for a hydrophilic neutral 

amino acid, while the K62R mutation exchanges two basic, charged amino acids (data 

not shown) (514).  Both of these positions are proximal to an NLG site and mutations 

may alter recognition of the NLG by host antibody. 

 The percentage of Nef sequences with mutations in the basic region is elevated in 

all experimental sequence pools, relative to the stock virus.  This is likely due to changes 

in multiple sites, as mutations in positions 9, 13, 14 and 19 increased in both the CNS and 

lymph nodes over time.  The Q9R, R13Q and G14R mutations yield a net gain of one 

basic residue, while the K19R mutation introduces an R side chain, which has an 

increased pKa compared to K.  The basic region is required for Nef association with 

cellular membranes, possibly by interacting with acidic phospholipids in the inner leaflet 
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of the membrane (515).  Increased basicity of this region may strengthen the interaction 

of Nef with cellular membranes, perhaps improving the efficiency of Nef functions.  

However, the frequency of mutations at other sites in the basic region generally decreased 

over time, likely balancing out the increase in mutations at positions 9, 13, 14 and 19, 

causing the overall prevalence of sequences with at least one mutation in this region to 

remain stable from one wpi to two mpi.  The Q12R and G15R mutations should also 

increase the basicity of the basic region, and are more prevalent in both the CNS and 

lymph node by one wpi, but appear to be selected against by two mpi.  The percentage of 

mutations at positions 7, 8, 10, 11 and 16 – 18 also declined in the lymph node and CNS 

after one wpi (data not shown).  Mutations at these sites may potentially be deleterious to 

the structure of Nef, off-setting any gain in function provided by increased basicity. 

 The proportion of Nef sequences with at least one mutation in the N-proximal Y 

residues increased over time in both the CNS and lymph node, peaking in the lymph node 

at two mpi; a similar pattern appeared for the H28Y mutation.  This substitution makes 

the region spanning amino acids 28 – 42 resemble the canonical sequence of an ITAM, 

YXXL/I(X6 – 8)YXXL/I (516), potentially allowing the protein to interact with cell 

signaling pathways more efficiently and improving Nef function.  Mutations generating 

an ITAM in Nef may be particularly important in the lymph nodes, where most target 

cells are T lymphocytes (517).  An ITAM could allow the virus to more efficiently hijack 

T cell signaling pathways, improving viral replication in these cells.  The prevalence of a 

Y39C mutation, making the region less similar to an ITAM and potentially reducing Nef 

function, was at or below stock virus levels in all pools. 
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 The prevalence of sequences with one or more mutations in the Nef acidic region 

declined from the stock virus to one wpi in both the CNS and lymph nodes.  While the 

frequency of these mutations then increased slightly in the CNS, they continued to 

decrease in the lymph nodes.  Mutations in positions 89, 91, 92, 94 and 96 declined over 

time in the lymph nodes, offset by slight increases in the frequency of mutations in 

positions 93 and 95 at two mpi.  In the CNS, decreases in the proportion of mutations in 

positions 91 and 93 – 95 at one wpi were followed by slight increases in the mutation rate 

at these sites by two mpi.  Mutations in the acidic region are likely selected against, given 

the number of Nef functions that involve this region.  However, the proportion of 

sequences with one or more mutations in the acidic region is higher than expected, with 

over 30% of sequences having at least one.  Most sequences with acidic region changes 

only had one residue mutated (data not shown), which suggests SIVsmmFGb Nef may 

tolerate single mutations in this region without significant loss of function.  The most 

common mutation at positions 89 and 91 – 95 was D-to-N, exchanging a hydrophilic 

charged amino acid for a hydrophilic uncharged amino acid which is structurally similar.  

Perhaps only one of these substitutions does not significantly disrupt the acidic region 

structure or function. 

 The proportion of sequences with one or more mutations in the thioesterase 

binding site increased over time in the CNS, but declined by two mpi in the lymph nodes, 

following an initial increase at one wpi.  This was likely the result of an I153V mutation 

at position 153.  The thioesterase binding site may interact with the intracellular domains 

of CD4 and MHCI, facilitating endocytosis and downregulation of these molecules (518, 

519).  This region also represents a hydrophobic domain important for oligomerization of 
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Nef (518).  The main functional residue is a D123 in HIV-1, or D155 in our SIVsmmFGb 

consensus sequence, but the nearby residues also contribute (518).  In HIV-1, an F 

residue is typically present at site 121, suggesting any hydrophobic amino acid is 

sufficient at this position (518).  Therefore, an I153V mutation, exchanging structurally 

similar hydrophobic amino acid residues (514), may not be expected to impact the 

function of this motif.  However, the declining prevalence of I153V in the lymph nodes 

from one wpi to two mpi suggests selection against this mutation.  While V is slightly 

less hydrophobic than I, F is even less non-polar (514, 520), so selection against the V 

mutation is not likely due to decreasing hydrophobicity.  Strains with the I153V mutation 

may potentially be less efficient at downregulation of MHCI or CD4, allowing detection 

by CD8+ T cells or superinfection, respectively.  With continued replication in the lymph 

nodes through two mpi, viruses with the consensus sequence would out-compete the 

mutants, reducing the prevalence of these strains in those tissues.  In the CNS, the amount 

of replication may be insufficient to select against these mutants and reduce their 

prevalence prior to suppression. 

 The frequency of sequences with at least one mutation in the AP interaction site 

increased over time in the CNS.  In the lymph nodes, the percentage of sequences with 

these mutations rose by one wpi, but returned to levels similar to the stock virus by two 

mpi.  A similar pattern appeared for the percentage of sequences with the Y193C 

mutation.  While a Y residue is present at position 193 in SIVmac239, a number of HIV-

1, HIV-2 and other SIV strains have a C residue at this site (361, 386).  As this site does 

not specifically interact with the adaptor proteins (386), the functional significance of any 

particular residue at this location is unknown.  Structurally, Y is a more bulky side chain, 
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which may interfere with Nef binding to the adaptor proteins (514).  The prevalence of a 

V195M mutation in the AP interaction site declined in the lymph nodes over time but 

increased by two mpi in the CNS, following a slight decline by one wpi.  This site 

interacts directly with the adaptor proteins and mutations could reduce the efficacy of Nef 

downregulation of cell surface receptors (386).  The AP interaction site merely requires a 

hydrophobic residue at position 195, so M may be sufficient to allow some activity (521).  

However, V is much more hydrophobic and may be required for the most efficient 

function (520).  In the CNS, virus replication is limited even prior to viral suppression, so 

sequences with a partially functional thioesterase binding site may still accumulate in the 

population, rather than being entirely out-competed.  Another possibility is that V195M 

may be beneficial in monocyte-lineage cells, providing an advantage in the CNS, but may 

be deleterious in T cells, leading to selection against these sequences in the lymph nodes. 

 As expected, little variation was noted for Int, as the only motif with a significant 

change in variation compared to the stock virus consensus was the flexible loop in the 

active site.  In this domain, the percentage of sequences with mutations declined over 

time in the CNS, and from the stock to one wpi in the lymph nodes, indicating selection 

against changes in the flexible loop.  No specific residue in the flexible loop saw a 

significant decline in the frequency of mutations over time, suggesting the overall 

reduction in flexible loop variation was a cumulative effect of lower variability in all 

residues in this domain.  Unexpectedly, a large increase in mutations at residue 377, 

relative to the stock virus, appeared in all lymph node-derived sequences, and most CNS-

derived sequences, at one wpi.  Variation at this site had decreased by two mpi, but 

remained elevated relative to the stock virus.  Virtually all changes at this site are S377P.  
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As P can significantly alter protein structure (512, 513), this mutation may introduce 

some structural benefit that improved replication at one wpi.  However, if this site is 

within a T-cell epitope, the mutation may have been selected against by host adaptive 

immune responses, accounting for the decline at two mpi.  Alternatively, as this residue is 

in the more variable C-terminus of the protein (415, 511), it may simply be an epicenter 

of variation. 

 While these results indicate residues that are commonly mutated and changes in 

prevalence of mutations over time, future studies will be needed to determine the 

functional effects of these mutations.  For Env V1 region, we are interested in performing 

functional assays to determine the effect of the K-S-P-K-A-E insertion, S41N/Y and 

N49S mutations on co-receptor usage and target cell entry in lymphocyte- and monocyte-

lineage cell lines, as well as primary macaque lymphocytes, macrophage and microglia.  

We would also analyze changes in the sensitivity of our Env V1 regions to neutralizing 

antibody.  It would not be feasible to select full-length SIVsmmFGb env clones for 

further study based solely on the V1 region sequence, as there may be functionally 

significant changes to other sites in the env sequence that do not appear in our current 

analyses.  Sequencing full-length env genes for all clones in our studies would overcome 

this obstacle and is being planned in our laboratory.  Alternatively, we could insert our 

env V1 regions into a defined env background, such as SIVmac239, to study the function 

of the SIVsmmFGb Env V1 region alone.  We aim to study the function of the 

SIVsmmFGb stock virus consensus env V1 region, as well as sequences from clones 

harvested from the lymph node and CNS at one wpi and two mpi.  In addition, site-

directed mutagenesis could allow us to specifically introduce the K-S-P-K-A-E insertion, 
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S41N/Y, N49S and/or other mutations into the SIVsmmFGb Env V1 region consensus 

sequence to study the effect of these changes. 

 For Nef, we are most interested in analyzing the effect of mutations on the 

downregulation of cell surface receptors and interaction with cell signaling pathways.  A 

number of Nef expression vectors are available into which we could clone the 

SIVsmmFGb stock virus nef consensus sequence.  Site-directed mutagenesis could then 

be used to introduce one or more of the mutations discussed above, after which the 

function of these mutants could be compared to that of the SIVsmmFGb stock consensus 

nef sequence.  By this method, we could determine the specific residues responsible for 

beneficial or deleterious changes in the Nef functional domains discussed here.  Of 

particular interest is comparing the function of SIVsmmFGb Nef mutants in lymphocyte- 

and monocyte-derived cell lines, as well as primary macaque lymphocytes, macrophage 

and microglia.  This would allow us to determine whether certain Nef mutations have 

varying effects on function in lymphocytes as opposed to monocyte-lineage cells.  Not 

only would this analysis explain selection for and against certain mutations in the CNS, 

but it may also reveal mutations that are potentially important for inducing 

neuropathogenesis. 
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Conclusions 

 In the first of our studies, we confirmed the quasispecies nature of the highly 

neuropathogenic primate lentivirus SIVsmmFGb and provided valuable characterization 

of the env V1 region, nef and int genes.  We demonstrated that virus seeding of the CNS 

and lymph nodes at one wpi decreases Env V1 region and Int diversity in the pigtailed 

macaque host.  We have shown that the env V1 region compartmentalizes separately in 

different areas of the CNS compared to the lymph nodes, partially due to selective 

pressure.  We also illustrated that nef and int compartmentalize in most experimental 

tissues due to negative selection.  These results, with a neuropathogenic SIV swarm in a 

primate host, provided insight into viral genetics during seeding of the CNS and may be a 

valuable model of a comparable process in HIV neuropathogenesis. 

 In our second study, our results revealed the effect of replication and evolution on 

diversity and compartmentalization of the SIVsmmFGb swarm in the pigtailed macaque 

lymph nodes and CNS.  Our data suggest that viruses evolving in different regions of the 

CNS may vary in their potential to induce neuropathogenesis or escape immune 

responses.  In particular, Nef function and diversity differs between areas of the CNS and 

between the CNS and lymph nodes, suggesting that Nef determines the presence and 

severity of neuropathogenesis in a given region of the brain.  We also found convergent 

evolution for both env V1 region and nef between compartments, decreased differences in 

env V1 region and int function, as well as evolution of all three genes within CNS regions 

over time.  These results suggest that selective pressure drives SIVsmmFGb strains in all 

areas of the CNS towards a common phenotype necessary to induce full 

neuropathogenesis.  It is reasonable to expect that HIV may also follow a similar course 
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of evolution during replication in the brain, and these results may provide insight into that 

process in human infection with a neuropathogenic lentivirus. 

 In our third study, we built on our previous results and investigated amino acid 

changes to SIVsmmFGb Env V1 region, Nef and Int sequences in the CNS and lymph 

nodes over time.  We found env V1 regions in the CNS become less related to lymph 

node-derived sequences over time, but more related to other sequences within the CNS.  

The env V1 regions within each lymph node also became less related, while sequences 

within each CNS area became more related over time.  The average length and number of 

OLGs, as well as prevalence of a K-S-P-K-A-E insertion, increased in the Env V1 region 

over time.  The nef genes between and within tissues became more related over time, 

with variation in the prevalence of a number of mutations in various functional domains.  

The int sequences became less related between tissues, but more related within each 

tissue, over time.  These results suggest the functions of Env V1 region and Nef change 

over time in the CNS and lymph nodes.  Further study will be required to determine if 

these mutations truly affect Env V1 and Nef function or interaction with the immune 

system.  These functional changes may be involved in development of SIVsmmFGb 

neuropathogenesis and could represent alterations in Nef and the Env V1 region in HAD 

patients.  If specific mutations can be linked to neuropathology, studies could screen 

patient quasispecies for these mutations to determine those at risk of severe or early 

neuropathogenesis.  Mutations within immune epitopes could also potentially be 

considered for vaccines focused on preventing or ameliorating HIV neuropathology. 
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Figure 1.  SIVsmmFGb stock virus sequence grouping strategy.  Amino acid sequences 

of (A) Env V1, (B) Nef and (C) Int obtained from the stock virus were grouped as 

described in the Materials and Methods section.  Group breakdowns, and clades with 

greater than 50% bootstrap support, are indicated. 

*, Group 1; **, Group 2; ***, Group 3; ****, Group 4.  
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Figure 2.  SIVsmmFGb stock virus sequence group composition.  Sequences were grouped as described in Figure 1.  The number (n) 

and percentage of amino acid sequences in each group for (A) Env V1 region, (B) Nef and (C) Int are shown. 
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Figure 3.  Comparison of Env V1 region group percentages between tissues harvested 

from infected pigtailed macaques at one wpi and the SIVsmmFGb stock virus.  (A) 

axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) 

hippocampus and (F) mesenteric lymph node.  Statistically significant differences (p < 

0.05) in the percentage of sequences in each group are noted.  Error bars represent one 

standard error. 

***, No Env V1 region sequences obtained from this tissue in animal PQo1. 
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Figure 4.  Comparison of Nef group percentages between tissues harvested from infected 

pigtailed macaques at one wpi and the SIVsmmFGb stock virus.  (A) axillary lymph 

node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) 

mesenteric lymph node.  Statistically significant differences (p < 0.05) in the percentage 

of sequences in each group are noted.  Error bars represent one standard error. 

***, No Nef sequences obtained from this tissue in animal PQo1. 

^, Only 19 Nef sequences obtained from this tissue in animal PQo1. 
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Figure 5.  Comparison of Int group percentages between tissues harvested from infected 

pigtailed macaques at one wpi and the SIVsmmFGb stock virus.  (A) axillary lymph 

node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) 

mesenteric lymph node.  Statistically significant differences (p < 0.05) in the percentage 

of sequences in each group are noted.  Error bars represent one standard error. 

***, No Int sequences obtained from this tissue in animal PQo1. 
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Figure 6.  Comparison of sequence group percentages between CNS and lymph node tissues harvested from infected pigtailed 

macaques at one wpi and the SIVsmmFGb stock virus.  Amino acid sequences for (A) Env V1 region, (B) Nef and (C) Int were 

pooled based on their origin in either the CNS or the lymph nodes.  Statistically significant differences (p < 0.05) in the percentage of 

sequences in each group are noted.  Error bars represent one standard error.  Data is absent from one or more PQo1 central nervous 

system tissues and only 19 nef sequences were amplified from PQo1 hippocampus. 
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Figure 7.  Percentage of Env V1 region amino acid sequences in each sequence group in 

each SIVsmmFGb-infected pigtailed macaque at one wpi.  (A) Axillary lymph node, (B) 

basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) mesenteric 

lymph node.  Basal ganglia, cerebellum and midfrontal cortex lack data from PQo1. 
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Figure 8.  Percentage of Nef amino acid sequences in each sequence group in each 

SIVsmmFGb-infected pigtailed macaque at one wpi.  (A) Axillary lymph node, (B) basal 

ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) mesenteric 

lymph node.  Basal ganglia and midfrontal cortex lack data from PQo1.  Only 19 nef 

sequences were amplified from the hippocampus of PQo1. 
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Figure 9.  Percentage of Int amino acid sequences in each sequence group in each 

SIVsmmFGb-infected pigtailed macaque at one wpi.  (A) Axillary lymph node, (B) basal 

ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) mesenteric 

lymph node.  Basal ganglia and cerebellum lack data from PQo1. 
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Figure 10.  Phylogenetic analysis of SIVsmmFGb compartmentalization between tissues 

harvested from infected pigtailed macaques at one wpi.  Results of the modified Slatkin-

Maddison test for compartmentalization of (A) Env V1 region, (B) Nef and (C) Int amino 

acid sequences between pairs of tissues are shown.  Error bars represent two standard 

errors of the S ratio; significant compartmentalization between tissues is indicated by S 

ratio values more than two standard errors less than 1.  

*, Data is absent from one or more PQo1 central nervous tissues. 

^, Only 19 Nef sequences amplified from PQo1 hippocampus. 
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Tissue Comparisons Key 

1 Axillary Lymph Node and Basal Ganglia 

2 Axillary Lymph Node and Cerebellum 

3 Axillary Lymph Node and Midfrontal Cortex 

4 Axillary Lymph Node and Hippocampus 

5 Axillary Lymph Node and Mesenteric Lymph Node 

6 Basal Ganglia and Cerebellum 

7 Basal Ganglia and Midfrontal Cortex 

8 Basal Ganglia and Hippocampus 

9 Basal Ganglia and Mesenteric Lymph Node 

10 Cerebellum and Midfrontal Cortex 

11 Cerebellum and Hippocampus 

12 Cerebellum and Mesenteric Lymph Node 

13 Midfrontal Cortex and Hippocampus 

14 Midfrontal Cortex and Mesenteric Lymph Node 

15 Hippocampus and Mesenteric Lymph Node 
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Figure 11.  Mean dS and dN values for env V1 region, nef and int sequences isolated from tissues of SIVsmmFGb infected pigtailed 

macaques at one wpi.  Average dS and dN values of (A) env V1 region, (B) nef and (C) int sequences were determined for each tissue.  

Error bars represent one standard error.   Statistically significant differences (p < 0.05) between mean dS and dN values within a tissue 

are noted.  The p-values for statistical comparisons of the mean dS or dN values between tissues are noted in Table 8. 

***, Data is absent from one or more PQo1 brain tissues. 

^, Only 19 nef sequences amplified from PQo1 hippocampus. 
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Figure 12.  Average dS/dN values for env V1 region, nef and int sequences isolated from tissues of SIVsmmFGb-infected pigtailed 

macaques at one wpi.  Mean dS/dN values for (A) env V1 region, (B) nef and (C) int were determined for each tissue.  Error bars 

represent one standard error.  The p-values for statistical comparisons of the mean dS/dN ratio values between tissues are noted in 

Table 9.   

***, Tissues lack data from PQo1. 

^, Only 19 nef sequences amplified from PQo1 hippocampus. 
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Figure 13.  Comparison of Envelope V1 region group percentages between SIVsmmFGb 

stock virus and tissues harvested from pigtailed macaques at two mpi.  (A) Axillary 

lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus 

and (F) mesenteric lymph node.  Statistically significant differences (p < 0.05) are noted.  

Error bars represent one standard error. 
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Figure 14.  Comparison of Nef group percentages between SIVsmmFGb stock virus and 

tissues harvested from pigtailed macaques at two mpi.  (A) Axillary lymph node, (B) 

basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) mesenteric 

lymph node.  Statistically significant differences (p < 0.05) are noted.  Error bars 

represent one standard error. 
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Figure 15.  Comparison of Int group percentages between SIVsmmFGb stock virus and 

tissues harvested from pigtailed macaques at one wpi or two mpi.  (A) Axillary lymph 

node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus and (F) 

mesenteric lymph node.  Statistically significant differences (p < 0.05) are noted.  Error 

bars represent one standard error. 
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Figure 16.  Comparison of sequence group percentages between the SIVsmmFGb stock 

virus and sequences harvested from the CNS and lymph node at two mpi.  (A) Env V1 

region, (B) Nef and (C) Int amino acid sequences.  Error bars represent one standard error 

of the mean. 
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Figure 17.  Comparison of Env V1 region amino acid sequence group percentages 

obtained from tissues harvested from each SIVsmmFGb-infected pigtailed macaque at 

two mpi.  (A) Axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal 

cortex, (E) hippocampus and (F) mesenteric lymph node. 
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Figure 18.  Comparison of Nef amino acid sequence group percentages obtained from 

tissues harvested from each SIVsmmFGb-infected pigtailed macaque at two mpi.  (A) 

Axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) 

hippocampus and (F) mesenteric lymph node. 
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Figure 19.  Comparison of Int amino acid sequence group percentages obtained from 

tissues harvested from each SIVsmmFGb-infected pigtailed macaque at two mpi.  (A) 

Axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) 

hippocampus and (F) mesenteric lymph node. 
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Figure 20.  Phylogenetic analysis of SIVsmmFGb compartmentalization between tissues 

harvested from pigtailed macaques at two mpi.  (A) Env V1 region, (B) Nef and (C) Int 

amino acid sequences.  Error bars represent two standard errors of the S ratio; significant 

compartmentalization between tissues is indicated by ratios more than two standard 

errors less than 1. 
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Modified Slatkin-Maddison Test 

Tissue Comparisons Key 

1 Axillary Lymph Node and Basal Ganglia 

2 Axillary Lymph Node and Cerebellum 

3 Axillary Lymph Node and Midfrontal Cortex 

4 Axillary Lymph Node and Hippocampus 

5 Axillary Lymph Node and Mesenteric Lymph Node 

6 Basal Ganglia and Cerebellum 

7 Basal Ganglia and Midfrontal Cortex 

8 Basal Ganglia and Hippocampus 

9 Basal Ganglia and Mesenteric Lymph Node 

10 Cerebellum and Midfrontal Cortex 

11 Cerebellum and Hippocampus 

12 Cerebellum and Mesenteric Lymph Node 

13 Midfrontal Cortex and Hippocampus 

14 Midfrontal Cortex and Mesenteric Lymph Node 

15 Hippocampus and Mesenteric Lymph Node 
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Figure 21.  Average dS and dN values for sequences isolated from tissues of SIVsmmFGb-infected pigtailed macaques at two mpi. (A) 

env V1 region, (B) nef and (C) int.  Statistically significant differences (p < 0.05) in dS and dN within a tissue are noted.  Error bars 

represent one standard error.  The p-values, obtained from statistical comparisons of dS and dN between tissues, are provided for all 

three genes in Table 14. 
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Figure 22.  Average dS / dN values for sequences isolated from tissues of SIVsmmFGb-infected pigtailed macaques at two mpi.  (A) 

env V1 region, (B) nef and (C) int.  Error bars represent one standard error.  The p-values obtained from statistical comparisons of dS / 

dN ratio values between tissues for each gene are provided in Table 15. 
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Figure 23.  Phylogenetic analysis of temporal compartmentalization of SIVsmmFGb 

amino acid sequences within the same tissue harvested from infected pigtailed macaques 

at one wpi and two mpi.  (A) Env V1 region, (B) Nef and (C) Int.  Error bars represent 

two standard errors of the determined S ratio; significant compartmentalization between 

tissues is indicated by ratios more than two standard errors less than 1.  Some sequences 

for Env V1 region, Nef and Int could not be obtained from animal PQo1 at one wpi, as 

described. 
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Tissue Comparisons Key 

 Tissue Time points 

One Week Post-Infection 1 Axillary Lymph Node 

Two Months Post-Infection 

One Week Post-Infection 2 Basal Ganglia 

Two Months Post-Infection 

One Week Post-Infection 3 Cerebellum 

Two Months Post-Infection 

One Week Post-Infection 4 Midfrontal Cortex 

Two Months Post-Infection 

One Week Post-Infection 5 Hippocampus 

Two Months Post-Infection 

One Week Post-Infection 6 

 

Mesenteric Lymph Node 

 

Two Months Post-Infection 
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Figure 24.  Comparison of average pairwise distances of SIVsmmFGb env V1 region 

nucleotide sequences between tissues of infected pigtailed macaques.  Each bar 

represents the average pairwise distance between nucleotide sequences from the two 

tissues being compared, as noted in the legend.  Statistically significant differences (p < 

or = 0.05) between a particular two-tissue comparison at one wpi and two mpi are noted.  

The p-values for all possible statistical comparisons of all two-tissue comparisons at both 

time points are provided in Tables 16A - D. 
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Figure 25.  Comparison of average pairwise distances of SIVsmmFGb nef nucleotide 

sequences between tissues of infected pigtailed macaques.  Each bar represents the 

average pairwise distance between nucleotide sequences from the two tissues being 

compared, as noted in the legend.  Statistically significant differences (p < or = 0.05) 

between a particular two-tissue comparison at one wpi and two mpi are noted.  The p-

values for all possible statistical comparisons of all two-tissue comparisons at both time 

points are provided in Tables 17A - D. 
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Figure 26.  Comparison of average pairwise distances of SIVsmmFGb int nucleotide 

sequences between tissues of infected pigtailed macaques.  Each bar represents the 

average pairwise distance between nucleotide sequences from the two tissues being 

compared.  Statistically significant differences (p < or = 0.05) between a particular two-

tissue comparison at one wpi and two mpi are noted.  The p-values for all possible 

statistical comparisons of all two-tissue comparisons at both time points are provided in 

Tables 18A - D. 
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Figure 27.  Comparison of the average pairwise distances of SIVsmmFGb nucleotide 

sequences within each tissue in infected pigtailed macaques.  (A) and (B) env V1 region, 

(C) and (D) nef, (E) and (F) int.  Each bar represents the average pairwise distance 

between nucleotide sequences within a particular tissue at either one wpi or two mpi.  

Statistically significant differences (p < or = 0.05) between one wpi and two mpi are 

noted.  The p-values for all possible statistical comparisons of the intra-tissue pairwise 

distances at both time points are provided in Tables 19A - C. 
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Figure 28.  SIVsmmFGb stock virus Env V1 region amino acid consensus sequence.  The 

location of potential N- and O-linked glycosylation sites are indicated, as are regions 

where insertions appear in Env V1 region amino acid sequences from the SIVsmmFGb 

stock and/or the experimental tissues. 
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Figure 29.  SIVsmmFGb stock virus Nef amino acid consensus sequence.  The locations 

of conserved Nef functional domains, and specific amino acid residues of interest, are 

noted. 
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Figure 30.  SIVsmmFGb stock virus Int amino acid consensus sequence.  The locations 

of conserved Int domains and amino acid residues are noted. 

 
 
 
 
 
 
 
 
 



154 
 

 
 
Figure 31.  Prevalence of Env V1 region amino acid mutations in the SIVsmmFGb stock 

virus and CNS and lymph nodes of infected pigtailed macaques.  (A) Average length of 

the Env V1 region, (B) average number of potential O-linked glycosylation sites per Env 

V1 region sequence, (C) percentage of Env V1 region sequences with the KSPKAE 

insertion, (D) percentage of Env V1 region sequences with the first N-linked 

glycosylation site removed by mutation and (E) percentage of Env V1 region sequences 

with the position of the second N-linked glycosylation site altered by mutation.  The p-

values for the statistical comparisons of the prevalence of each mutation in each sequence 

pool are provided in Tables 20 - 24. 
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Figure 32.  Prevalence of Nef amino acid mutations in the SIVsmmFGb stock virus and 

CNS and lymph nodes of infected pigtailed macaques.  Percentage of sequences with one 

or more mutations in (A) the basic region, (B) the N-proximal Y residues, (C) the acidic 

region, (D) the thioesterase binding site and (E) the AP interaction residues.  Statistical 

comparisons of the prevalence of each mutation in each sequence pool are provided in 

Tables 25 – 29. 
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Figure 33.  Prevalence of Int amino acid mutations in the SIVsmmFGb stock virus and CNS and lymph nodes of infected pigtailed 

macaques.  Percentage of sequences with one or more mutations in the flexible loop in the active site.  Statistical comparisons of the 

prevalence of each mutation in each sequence pool are provided in Table 30. 
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Figure 34.  Percentage of SIVsmmFGb Env V1 region sequences from the stock virus and experimental tissues with an amino acid 

change at each site, relative to the stock virus consensus sequence.  Sequences from the lymph node tissues and CNS regions at each 

time point were pooled to generate lymph node and CNS sequence pools at both one wpi and two mpi. 
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Figure 35.  Percentage of SIVsmmFGb Nef sequences from the stock virus and 

experimental tissues with an amino acid change at each site, relative to the stock virus 

consensus sequence.  Sequences from the lymph node tissues and CNS regions at each 

time point were pooled to generate lymph node and CNS sequence pools at both one wpi 

and two mpi. 
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Figure 36.  Percentage of SIVsmmFGb Int sequences from the stock virus and 

experimental tissues with an amino acid change at each site, relative to the stock virus 

consensus sequence.  Sequences from the lymph node tissues and CNS regions at each 

time point were pooled to generate lymph node and CNS sequence pools at both one wpi 

and two mpi. 
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Figure 37.  Prevalence of Env V1 region amino acid mutations in sequences harvested 

from the SIVsmmFGb stock virus, lymph node at one wpi, CNS at one wpi, lymph node 

at two mpi and CNS at two mpi.  Percentage of sequences with amino acid mutations at 

positions (A) 41 and (B) 49.  The p-values for the statistical comparisons of the 

prevalence of each mutation in each sequence pool are provided in Tables 31 – 32. 
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Figure 38.  Prevalence of Nef basic region amino acid mutations in sequences harvested 

from the SIVsmmFGb stock virus, lymph node at one wpi, CNS at one wpi, lymph node 

at two mpi and CNS at two mpi.  Percentage of sequences with mutations at positions (A) 

9, (B) 12, (C) 13, (D) 14, (E) 15 and (F) 19.  Statistical comparisons of the prevalence of 

each mutation in each sequence pool are provided in Tables 33 – 38. 
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Figure 39.  Prevalence of Nef N-proximal Y residue amino acid mutations in sequences 

harvested from the SIVsmmFGb stock virus, lymph node at one wpi, CNS at one wpi, 

lymph node at two mpi and CNS at two mpi.  Percentage of sequences with mutations at 

positions (A) 28 and (B) 39.  Statistical comparisons of the prevalence of each mutation 

in each sequence pool are provided in Tables 39 – 40. 
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Figure 40.  Prevalence of Nef acidic region amino acid mutations in sequences harvested 

from the SIVsmmFGb stock virus, lymph node at one wpi, CNS at one wpi, lymph node 

at two mpi and CNS at two mpi.  Percentage of sequences with mutations at positions (A) 

89, (B) 91, (C) 92, (D) 93, (E) 94, (F) 95 and (G) 96.  Statistical comparisons of the 

prevalence of each mutation in each sequence pool are provided in Tables 41 – 47. 
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Figure 41.  Prevalence of Nef thioesterase binding site and AP interaction site amino acid 

mutations in sequences harvested from the SIVsmmFGb stock virus, lymph node at one 

wpi, CNS at one wpi, lymph node at two mpi and CNS at two mpi.  Percentage of 

sequences with mutations at positions (A) 153, (B) 193 and (C) 195.  Statistical 

comparisons of the prevalence of each mutation in each sequence pool are provided in 

Tables 48 – 50. 
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Table 45.  Determined p-values for statistical comparisons of the prevalence of sequences 



173 
 

 with mutations in position 94 of Nef in the SIVsmmFGb stock virus and infected 

 pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 
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Table 1.  Description and sequences of primers used for PCR amplification of env, nef 

and int genes from SIVsmmFGb virus stocks3 

Primer 
Number 

 Primer 
Coordinates1 

 Primer 
Description 

 Primer Sequence (5’ to 3’) 

919  6419  env outer 
forward 

 TCTTAAAAAGGGCTTGGG 

920  9383  env outer 
reverse 

 AAAATGAGACATGTCTAT 

922  6464  env inner 
forward 

 AAGAAGAACTCCGAAGAAG 

923  9282  env inner 
reverse 

 CATCCATGTTTTGTTGTC 

915  8856  nef outer 
forward 

 ATATTCATTTCCTGATCCGCC 

916  9858  nef outer 
reverse 

 TCCCCAGTACCTCCCCGTAAC 

917  8885  nef inner 
forward 

 CGCCTCTTGACTTGGCT 

918  9827  nef inner 
reverse 

 TGGAAAGTCCCTGCTGTC 

898A  4122  int outer 
forward 

 AAAGGCAGGCTATGTAACAG 

899A  5326  int outer 
reverse 

 GCTATGCCACTTCTCTAGCCTCCCC 

900A  4156  int inner 
forward 

 AAGGCAAAACCTTTGGAACAGA 

901A  5295  int inner 
reverse 

 TTCCAAGTGGGGACCACTATCC 

 

1Primer coordinates based on PGm5.3 genome4 

 

 

 

 

 

                                                
3 Primers created by F.J. Novembre. 
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Table 2.  Description and sequences of primers used for PCR amplification of env, nef 

and int genes from tissue proviral DNA4 

Primer 
Number 

 Primer 
Coordinates1 

 Primer 
Description 

 Primer Sequence (5’ to 3’) 

952  6360  env outer 
forward 

 GAGGCGTGCTCTAATACAT 

953  9299  env outer 
reverse 

 ATCATCATCATCTACATCATC 

954  6474  env inner 
forward 

 CCGAAGAAGGCTAAGGCTAATACA 

955  9210  env inner 
reverse 

 ATTGTCCCTCACTGTATCCCTG 

959  8806  nef outer 
forward 

 AGACGGTGGAGACAGAGGTGG 

960  9950  nef outer 
reverse 

 TCAATCTGCCAGCCTCTCCG 

961  8947  nef inner 
forward 

 CCAACCAGTGTTCCAGAGGC 

962  9845  nef inner 
reverse 

 CCCGTAACATCCCCTTTGTGG 

963  4021  int outer 
forward 

 CCTCCCTTAGTCAGATTAGTC 

964  5433  int outer 
reverse 

 GGGAAGATTACTCTGCTG 

965  4106  int inner 
forward 

 GGCAATCAAGAGAAGGAAAGGC 

966  5378  int inner 
reverse 

 CATAACAAGCCTTCTGTAGGTCC 

 

1Primer coordinates based on PGm5.3 genome (444) 

 

 

 

 

 

 

                                                
4 Primers created by Ph.D. candidate, with assistance from N.C. Pearce. 
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Table 3.  In situ hybridization results on short fixation tissue specimens harvested at 

necropsy from pigtailed macaques infected i.v. with SIVsmmFGb5 

Animal  
PQq1 PQo1 PKo1 PFp1 PGt1 PHs1 

Sacrificed 
(dpi) 

5 5 7 7 7 7 

 

  
Spleen 41,3 2 4 5 53 53 

Inguinal 
Lymph Node 

5 4 4 5 53 53 
Systemic 

Lymphoid 
Tissues 

Bone Marrow 0 02 2 3 4 4 
Stomach, 
Fundus 

3 12 3 3 4 3 

Stomach, 
Pylorus 

4 2 3 4 4 3 

Duodenum 4 1 3 4 5 4 
Jejunum 5 02 3 4 4 4 

Ileum 4 2 4 3 3 3 
Colon 5 1 2 4 4 4 

Gastrointestinal 
Tissues 

Rectum 4 1 2 4 4 4 
Prefrontal 

Cortex 
0 0 0 24 2 0 

Midfrontal 
Cortex 

0 0 0 1 1 0 

Basal Ganglia ND ND ND ND 1 ND 
Hippocampus 0 0 0 ND 2 0 

Cerebellar 
Cortex 

0 0 0 1 0 0 

Brain Tissues 

Medulla ND ND ND ND ND 1 
 

1ND – Not done; 0 – No infected cells; 1 – Rare infected cells; 2 – Small numbers of 

infected cells; 3 – Moderate numbers of infected cells; 4 – Large numbers of infected 

cells; 5 – Extremely large numbers of infected cells 

2Quality of short fixation specimen evaluated not satisfactory for proper analysis 

3Diffuse hybridization present, indicating dendritic cell trapping of virions. 

4SIV+ cells in parenchyma, as well as meninges. 

                                                
5 Data generated by H.G. Domingues and S.P. O’Neil. 
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Table 4.  Mantel’s test results for inter-tissue env V1 region compartmentalization in 

SIVsmmFGb-infected pigtailed macaques at one wpi 

PFp1 Pearson’s 

Correlation 

Coefficient 

p-Value PGt1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.082 0.0011 A x B 0.141 0.001 

A x C 0.033 0.183 A x C 0.201 0.001 

A x F - 0.015 0.523 A x F 0.040 0.201 

A x H - 0.047 0.045 A x H 0.037 0.221 

A x M - 0.019 0.391 A x M 0.016 0.515 

B x C 0.105 0.001 B x C 0.453 0.001 

B x F 0.095 0.001 B x F 0.270 0.001 

B x H 0.265 0.001 B x H 0.038 0.127 

B x M 0.172 0.001 B x M 0.222 0.001 

C x F 0.019 0.543 C x F 0.175 0.001 

C x H - 0.019 0.571 C x H 0.283 0.001 

C x M 0.009 0.761 C x M 0.067 0.005 

F x H 0.057 0.087 F x H 0.107 0.001 

F x M 0.032 0.295 F x M - 0.045 0.075 

H x M - 0.029 0.333 H x M 0.093 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PHs1 Pearson’s 

Correlation 

Coefficient 

p-Value PKo1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.136 0.0011 A x B 0.028 0.283 

A x C 0.080 0.001 A x C 0.781 0.001 

A x F 0.157 0.001 A x F 0.019 0.415 

A x H 0.021 0.513 A x H 0.076 0.003 

A x M 0.01 0.635 A x M 0.082 0.007 

B x C 0.076 0.001 B x C 0.957 0.001 

B x F 0.243 0.001 B x F - 0.017 0.463 

B x H 0.277 0.001 B x H 0.017 0.521 

B x M 0.201 0.001 B x M 0.180 0.001 

C x F 0.171 0.001 C x F 0.872 0.001 

C x H 0.059 0.053 C x H 0.992 0.001 

C x M 0.052 0.079 C x M 0.845 0.001 

F x H 0.191 0.001 F x H 0.009 0.701 

F x M 0.158 0.001 F x M 0.116 0.001 

H x M 0.079 0.025 H x M 0.276 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PQo1 Pearson’s 

Correlation 

Coefficient 

p-Value PQq1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B ND1 ND A x B 0.191 0.0012 

A x C ND ND A x C 0.028 0.327 

A x F ND ND A x F 0.109 0.001 

A x H 0.285 0.001 A x H 0.125 0.001 

A x M 0.423 0.001 A x M - 0.013 0.479 

B x C ND ND B x C 0.024 0.383 

B x F ND ND B x F 0.209 0.001 

B x H ND ND B x H 0.249 0.001 

B x M ND ND B x M 0.074 0.001 

C x F ND ND C x F 0.107 0.001 

C x H ND ND C x H 0.123 0.001 

C x M ND ND C x M 0.061 0.005 

F x H ND ND F x H 0.313 0.001 

F x M ND ND F x M 0.009 0.631 

H x M 0.710 0.001 H x M 0.231 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1ND = Not determined due to absence of data from one or more PQo1 tissues. 

2p-values < or = 0.05 noted in red. 
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Table 5.  Mantel’s test results for inter-tissue nef compartmentalization in SIVsmmFGb-

infected pigtailed macaques at one wpi 

PFp1 Pearson’s 

Correlation 

Coefficient 

p-Value PGt1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.549 0.0011 A x B 0.368 0.001 

A x C 0.084 0.009 A x C 0.082 0.009 

A x F 0.139 0.001 A x F 0.049 0.085 

A x H 0.120 0.001 A x H 0.091 0.003 

A x M 0.027 0.389 A x M 0.029 0.379 

B x C 0.493 0.001 B x C 0.397 0.001 

B x F 0.473 0.001 B x F 0.224 0.001 

B x H 0.586 0.001 B x H 0.387 0.001 

B x M 0.394 0.001 B x M 0.420 0.001 

C x F 0.114 0.003 C x F 0.084 0.003 

C x H 0.115 0.005 C x H 0.072 0.007 

C x M 0.061 0.077 C x M 0.068 0.013 

F x H 0.147 0.001 F x H 0.137 0.001 

F x M 0.085 0.019 F x M 0.082 0.003 

H x M 0.112 0.001 H x M 0.056 0.053 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PHs1 Pearson’s 

Correlation 

Coefficient 

p-Value PKo1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.250 0.0011 A x B 0.732 0.001 

A x C 0.324 0.001 A x C 0.754 0.001 

A x F 0.314 0.001 A x F 0.346 0.001 

A x H 0.407 0.001 A x H 0.594 0.001 

A x M 0.033 0.247 A x M 0.809 0.001 

B x C 0.590 0.001 B x C 0.985 0.001 

B x F 0.501 0.001 B x F 0.600 0.001 

B x H 0.482 0.001 B x H 0.902 0.001 

B x M 0.331 0.001 B x M 0.989 0.001 

C x F 0.408 0.001 C x F 0.695 0.001 

C x H 0.555 0.001 C x H 0.834 0.001 

C x M 0.155 0.001 C x M 0.981 0.001 

F x H 0.413 0.001 F x H 0.548 0.001 

F x M 0.086 0.003 F x M 0.693 0.001 

H x M 0.193 0.001 H x M 0.900 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PQo1 Pearson’s 

Correlation 

Coefficient 

p-Value PQq1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B ND1 ND A x B 0.159 0.0012 

A x C 0.560 0.001 A x C 0.175 0.001 

A x F ND ND A x F 0.087 0.011 

A x H 0.360 0.001 A x H 0.133 0.001 

A x M 0.450 0.001 A x M 0.025 0.361 

B x C ND ND B x C 0.302 0.001 

B x F ND ND B x F 0.255 0.001 

B x H ND ND B x H 0.193 0.001 

B x M ND ND B x M 0.105 0.001 

C x F ND ND C x F 0.343 0.001 

C x H 0.888 0.001 C x H 0.306 0.001 

C x M 0.425 0.001 C x M 0.204 0.001 

F x H ND ND F x H 0.248 0.001 

F x M ND ND F x M 0.245 0.001 

H x M 0.711 0.001 H x M 0.078 0.019 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1ND = Not determined due to absence of data from one or more PQo1 tissues. 

2p-values < or = 0.05 noted in red. 
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Table 6.  Mantel’s test results for int inter-tissue compartmentalization in SIVsmmFGb-

infected pigtailed macaques at one wpi 

PFp1 Pearson’s 

Correlation 

Coefficient 

p-Value PGt1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.220 0.0011 A x B 0.135 0.001 

A x C 0.007 0.789 A x C 0.226 0.001 

A x F 0.291 0.001 A x F 0.086 0.003 

A x H 0.115 0.001 A x H 0.446 0.001 

A x M - 0.037 0.271 A x M 0.006 0.917 

B x C 0.151 0.001 B x C 0.232 0.001 

B x F 0.489 0.001 B x F 0.229 0.001 

B x H 0.231 0.001 B x H 0.681 0.001 

B x M 0.136 0.001 B x M 0.176 0.001 

C x F 0.200 0.001 C x F 0.226 0.001 

C x H 0.077 0.001 C x H 0.706 0.001 

C x M - 0.083 < 0.001 C x M 0.213 0.001 

F x H 0.335 0.001 F x H 0.431 0.001 

F x M 0.395 0.001 F x M 0.052 0.053 

H x M 0.063 0.063 H x M 0.535 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PHs1 Pearson’s 

Correlation 

Coefficient 

p-Value PKo1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.117 0.0011 A x B 0.395 0.001 

A x C 0.055 0.091 A x C 0.248 0.001 

A x F 0.087 0.005 A x F 0.114 0.005 

A x H 0.058 0.047 A x H 0.640 0.001 

A x M 0.040 0.093 A x M 0.236 0.001 

B x C 0.301 0.001 B x C 0.484 0.001 

B x F 0.289 0.001 B x F 0.500 0.001 

B x H 0.163 0.001 B x H 0.922 0.001 

B x M 0.133 0.001 B x M 0.495 0.001 

C x F 0.160 0.001 C x F 0.322 0.001 

C x H 0.095 0.001 C x H 0.568 0.001 

C x M 0.010 0.741 C x M 0.365 0.001 

F x H 0.097 0.003 F x H 0.612 0.001 

F x M 0.137 0.001 F x M 0.348 0.001 

H x M 0.040 0.143 H x M 0.654 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PQo1 Pearson’s 

Correlation 

Coefficient 

p-Value PQq1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B ND1 ND A x B 0.093 0.0012 

A x C ND ND A x C 0.121 0.001 

A x F 0.504 0.001 A x F 0.370 0.001 

A x H 0.710 0.001 A x H 0.280 0.001 

A x M 0.052 0.075 A x M 0.063 0.017 

B x C ND ND B x C 0.106 0.001 

B x F ND ND B x F 0.308 0.001 

B x H ND ND B x H 0.317 0.001 

B x M ND ND B x M 0.123 0.001 

C x F ND ND C x F 0.353 0.001 

C x H ND ND C x H 0.281 0.001 

C x M ND ND C x M 0.071 0.003 

F x H 0.970 0.001 F x H 0.612 0.001 

F x M 0.394 0.001 F x M 0.347 0.001 

H x M 0.619 0.001 H x M 0.218 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1ND = Not determined due to absence of data from one or more PQo1 tissues. 

2p-values < or = 0.05 noted in red. 
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Table 7.  Proportion of SIVsmmFGb-infected pigtailed macaques with 

compartmentalization between compared tissues, as determined by Mantel’s test1 

Tissue Comparison  env V1  nef  int 
A x B 4/5 5/5 5/5 
A x C 3/5 6/6 3/5 
A x F 2/52 4/5 6/6 
A x H 4/6 6/6 6/6 
A x M 2/6 2/6 2/6 
B x C 4/5 5/5 5/5 
B x F 4/5 5/5 5/5 
B x H 3/5 5/5 5/5 
B x M 5/5 5/5 5/5 
C x F 4/5 5/5 5/5 
C x H 3/5 6/6 5/5 
C x M 3/5 5/6 4/5 
F x H 3/5 5/5 6/6 
F x M 2/5 5/5 5/6 
H x M 

 

5/6 

 

5/6 

 

4/6 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1Due to absence of data from certain PQo1 tissues, some proportions represent results 

from only the remaining five animals. 

2Comparisons with compartmentalization in only a minority of animals noted in green. 
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Table 8.  Determined p-values for statistical comparisons of mean dS and dN values for 

env V1 region, nef and int nucleotide sequences harvested from SIVsmmFGb-infected 

pigtailed macaque tissues at one wpi 

 env V1 Region nef int 
Tissue Comparison 

 
dS dN 

 
dS dN 

 
dS dN 

A x B < 0.0011 < 0.001 0.443 0.356 0.028 0.298 
A x C 0.077 < 0.001 0.046 0.736 0.019 0.007 
A x F 0.001 0.540 0.024 0.302 0.002 0.242 
A x H 0.538 < 0.001 0.344 0.963 < 0.001 0.874 
A x M 0.160 0.036 < 0.001 0.186 0.254 0.007 
B x C 0.181 < 0.001 0.080 0.475 0.315 0.128 
B x F 0.739 0.034 0.264 0.128 0.256 0.959 
B x H 0.004 0.054 0.273 0.578 0.016 0.418 
B x M 0.032 0.958 0.120 0.053 0.379 0.142 
C x F 0.328 < 0.001 < 0.001 0.401 0.885 0.132 
C x H 0.207 < 0.001 0.217 0.747 0.509 0.016 
C x M 0.711 < 0.001 < 0.001 0.544 0.132 0.904 
F x H 0.005 < 0.001 0.005 0.283 0.133 0.386 
F x M 0.094 0.058 0.575 0.869 0.055 0.140 
H x M 

 

0.407 0.003 

 

< 0.001 0.226 

 

0.003 0.012 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 9.  Determined p-values for statistical comparisons of mean dS/dN values for env 

V1 region, nef and int nucleotide sequences harvested from SIVsmmFGb-infected 

pigtailed macaque tissues at one wpi 

Tissue Comparison  env V1 Region  nef  int 
A x B 0.0101 0.015 0.821 
A x C 0.456 0.283 0.185 
A x F < 0.001 < 0.001 0.780 
A x H 0.762 0.856 0.045 
A x M 0.512 < 0.001 0.031 
B x C < 0.001 0.009 0.347 
B x F 0.191 0.318 0.604 
B x H 0.002 0.036 0.055 
B x M 0.011 0.706 0.074 
C x F < 0.001 < 0.001 0.085 
C x H 0.578 0.259 0.001 
C x M 0.099 < 0.001 0.300 
F x H < 0.001 0.009 0.079 
F x M < 0.001 0.554 0.006 
H x M 

 

0.235 

 

0.002 

 

< 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 10.  Proportion of SIVsmmFGb-infected pigtailed macaques with 

compartmentalization between compared tissues as determined by Mantel’s test 

Tissue Comparison  env V1  nef  int 
A x B 3/61 6/6 6/6 
A x C 4/6 6/6 5/6 
A x F 5/6 6/6 6/6 
A x H 4/6 6/6 6/6 
A x M 1/62 0/6 1/6 
B x C 5/6 5/6 5/6 
B x F 5/6 4/6 6/6 
B x H 3/6 5/6 4/6 
B x M 4/6 6/6 5/6 
C x F 5/6 5/6 5/6 
C x H 4/6 6/6 4/6 
C x M 4/6 6/6 6/6 
F x H 4/6 4/6 5/6 
F x M 5/6 6/6 6/6 
H x M 

 

5/6 

 

6/6 

 

5/6 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1Comparisons with compartmentalization in only half of the animals noted in blue. 

2Comparisons with compartmentalization in only a minority of animals noted in green. 
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Table 11.  Mantel’s test results for env V1 region inter-tissue compartmentalization in 

SIVsmmFGb-infected pigtailed macaques at two mpi 

PHt1 Pearson’s 

Correlation 

Coefficient 

p-Value PKs1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.081 0.0071 A x B 0.180 0.001 

A x C 0.166 0.001 A x C 0.029 0.299 

A x F 0.121 0.001 A x F 0.141 0.001 

A x H 0.113 0.001 A x H 0.206 0.001 

A x M -0.024 0.405 A x M 0.005 0.939 

B x C 0.112 0.001 B x C 0.609 0.001 

B x F 0.183 0.001 B x F 0.724 0.001 

B x H 0.209 0.001 B x H 0.283 0.001 

B x M 0.155 0.001 B x M 0.128 0.001 

C x F 0.284 0.001 C x F 0.228 0.001 

C x H 0.710 0.001 C x H 0.213 0.001 

C x M 0.263 0.001 C x M 0.028 0.305 

F x H 0.716 0.001 F x H 0.181 0.001 

F x M 0.217 0.001 F x M 0.064 0.033 

H x M 0.206 0.001 H x M 0.139 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PRv1 Pearson’s 

Correlation 

Coefficient 

p-Value PUo1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.050 0.069 A x B 0.042 0.197 

A x C -0.039 0.195 A x C 0.370 0.0011 

A x F 0.096 0.001 A x F 0.085 0.005 

A x H 0.007 0.727 A x H 0.154 0.001 

A x M -0.010 0.717 A x M -0.010 0.743 

B x C 0.210 0.001 B x C 0.705 0.001 

B x F 0.962 0.001 B x F 0.334 0.001 

B x H 0.008 0.799 B x H 0.019 0.493 

B x M 0.171 0.001 B x M 0.352 0.001 

C x F 0.862 0.001 C x F 0.580 0.001 

C x H 0.152 0.001 C x H 0.565 0.001 

C x M 0.052 0.181 C x M 0.292 0.001 

F x H 0.960 0.001 F x H 0.243 0.001 

F x M 0.271 0.001 F x M 0.075 0.017 

H x M 0.120 0.001 H x M 0.174 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PVu1 Pearson’s 

Correlation 

Coefficient 

p-Value PYp1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.197 0.0011 A x B 0.036 0.271 

A x C 0.598 0.001 A x C 0.093 0.001 

A x F 0.592 0.001 A x F 0.052 0.105 

A x H 0.631 0.001 A x H 0.062 0.065 

A x M 0.089 0.009 A x M 0.007 0.793 

B x C 0.233 0.001 B x C 0.012 0.695 

B x F 0.244 0.001 B x F -0.006 0.797 

B x H 0.242 0.001 B x H 0.012 0.723 

B x M 0.033 0.289 B x M -0.013 0.631 

C x F 0.188 0.001 C x F 0.003 0.935 

C x H -0.001 0.963 C x H -0.011 0.725 

C x M 0.293 0.001 C x M 0.021 0.443 

F x H 0.002 0.947 F x H -0.001 0.973 

F x M 0.238 0.001 F x M -0.004 0.899 

H x M 0.240 0.001 H x M -0.001 0.927 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 12.  Mantel’s test results for nef inter-tissue compartmentalization in SIVsmmFGb-

infected pigtailed macaques at two mpi 

PHt1 Pearson’s 

Correlation 

Coefficient 

p-Value PKs1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.689 0.0011 A x B 0.144 0.001 

A x C 0.301 0.001 A x C 0.233 0.001 

A x F 0.392 0.001 A x F 0.178 0.001 

A x H 0.374 0.001 A x H 0.129 0.001 

A x M 0.037 0.173 A x M 0.004 0.919 

B x C 0.586 0.001 B x C 0.369 0.001 

B x F 0.981 0.001 B x F 0.393 0.001 

B x H 0.983 0.001 B x H 0.316 0.001 

B x M 0.793 0.001 B x M 0.228 0.001 

C x F 0.513 0.001 C x F 0.319 0.001 

C x H 0.577 0.001 C x H 0.208 0.001 

C x M 0.390 0.001 C x M 0.220 0.001 

F x H 0.948 0.001 F x H 0.228 0.001 

F x M 0.410 0.001 F x M 0.163 0.001 

H x M 0.356 0.001 H x M 0.244 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PRv1 Pearson’s 

Correlation 

Coefficient 

p-Value PUo1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.160 0.0011 A x B 0.511 0.001 

A x C 0.304 0.001 A x C 0.503 0.001 

A x F 0.187 0.001 A x F 0.104 0.007 

A x H 0.163 0.001 A x H 0.223 0.001 

A x M -0.020 0.561 A x M -0.010 0.761 

B x C 0.387 0.001 B x C 0.741 0.001 

B x F 0.274 0.001 B x F 0.435 0.001 

B x H 0.115 0.001 B x H 0.527 0.001 

B x M 0.231 0.001 B x M 0.497 0.001 

C x F 0.201 0.001 C x F 0.579 0.001 

C x H 0.190 0.001 C x H 0.463 0.001 

C x M 0.330 0.001 C x M 0.536 0.001 

F x H 0.154 0.001 F x H 0.197 0.001 

F x M 0.171 0.001 F x M 0.135 0.001 

H x M 0.166 0.001 H x M 0.267 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 

 

 



195 
 

PVu1 Pearson’s 

Correlation 

Coefficient 

p-Value PYp1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.310 0.0011 A x B 0.364 0.001 

A x C 0.340 0.001 A x C 0.702 0.001 

A x F 0.203 0.001 A x F 0.667 0.001 

A x H 0.216 0.001 A x H 0.607 0.001 

A x M 0.025 0.383 A x M 0.045 0.105 

B x C 0.434 0.001 B x C -0.021 0.401 

B x F 0.012 0.621 B x F -0.042 0.115 

B x H 0.102 0.001 B x H -0.008 0.739 

B x M 0.175 0.001 B x M 0.346 0.001 

C x F 0.368 0.001 C x F 0.021 0.461 

C x H 0.187 0.001 C x H 0.088 0.009 

C x M 0.316 0.001 C x M 0.774 0.001 

F x H 0.025 0.361 F x H 0.035 0.277 

F x M 0.099 0.001 F x M 0.730 0.001 

H x M 0.097 0.001 H x M 0.636 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 13.  Mantel’s test results for int inter-tissue compartmentalization in SIVsmmFGb-

infected pigtailed macaques at two mpi 

PHt1 Pearson’s 

Correlation 

Coefficient 

p-Value PKs1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.177 0.0011 A x B 0.610 0.001 

A x C 0.054 0.079 A x C 0.514 0.001 

A x F 0.488 0.001 A x F 0.329 0.001 

A x H 0.303 0.001 A x H 0.104 0.003 

A x M 0.004 0.945 A x M 0.002 0.955 

B x C 0.339 0.001 B x C 0.964 0.001 

B x F 0.719 0.001 B x F 0.818 0.001 

B x H 0.356 0.001 B x H 0.685 0.001 

B x M 0.208 0.001 B x M 0.613 0.001 

C x F 0.646 0.001 C x F 0.835 0.001 

C x H 0.342 0.001 C x H 0.574 0.001 

C x M 0.117 0.001 C x M 0.604 0.001 

F x H 0.719 0.001 F x H 0.333 0.001 

F x M 0.502 0.001 F x M 0.296 0.001 

H x M 0.371 0.001 H x M 0.099 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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PRv1 Pearson’s 

Correlation 

Coefficient 

p-Value PUo1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.480 0.0011 A x B 0.188 0.001 

A x C 0.182 0.001 A x C 0.333 0.001 

A x F 0.262 0.001 A x F 0.438 0.001 

A x H 0.545 0.001 A x H 0.070 0.029 

A x M 0.053 0.119 A x M -0.003 0.939 

B x C 0.469 0.001 B x C 0.407 0.001 

B x F 0.653 0.001 B x F 0.476 0.001 

B x H 0.003 0.987 B x H 0.222 0.001 

B x M 0.426 0.001 B x M 0.113 0.001 

C x F 0.322 0.001 C x F 0.513 0.001 

C x H 0.534 0.001 C x H 0.352 0.001 

C x M 0.133 0.001 C x M 0.317 0.001 

F x H 0.717 0.001 F x H 0.493 0.001 

F x M 0.255 0.001 F x M 0.446 0.001 

H x M 0.491 0.001 H x M 0.060 0.061 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 

 

 



198 
 

PVu1 Pearson’s 

Correlation 

Coefficient 

p-Value PYp1 Pearson’s 

Correlation 

Coefficient 

p-Value 

A x B 0.400 0.0011 A x B 0.262 0.001 

A x C 0.090 0.003 A x C 0.504 0.001 

A x F 0.106 0.001 A x F 0.669 0.001 

A x H 0.160 0.001 A x H 0.362 0.001 

A x M 0.383 0.001 A x M 0.031 0.369 

B x C 0.248 0.001 B x C 0.046 0.121 

B x F 0.088 0.003 B x F 0.134 0.001 

B x H 0.088 0.001 B x H 0.024 0.439 

B x M 0.001 0.957 B x M 0.310 0.001 

C x F 0.096 0.001 C x F 0.011 0.735 

C x H 0.049 0.590 C x H 0.034 0.303 

C x M 0.241 0.001 C x M 0.528 0.001 

F x H 0.035 0.291 F x H 0.077 0.015 

F x M 0.100 0.001 F x M 0.719 0.001 

H x M 0.067 0.011 H x M 0.359 0.001 

 
Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 14.  Determined p-values for statistical comparisons of mean dS and dN values for 

env V1 region, nef and int nucleotide sequences harvested from SIVsmmFGb-infected 

pigtailed macaque tissues at two mpi 

 env V1 Region nef int 
Tissue Comparison 

 
dS dN 

 
dS dN 

 
dS dN 

A x B < 0.0011 < 0.001 0.009 0.026 0.438 < 0.001 
A x C 0.068 0.827 0.428 < 0.001 0.709 0.067 
A x F 0.033 0.994 0.004 0.183 0.193 0.036 
A x H 0.989 < 0.001 0.040 0.003 0.973 < 0.001 
A x M 0.011 0.249 0.322 0.099 0.438 0.303 
B x C 0.010 < 0.001 0.003 0.003 0.653 0.002 
B x F < 0.001 < 0.001 < 0.001 0.457 0.606 0.014 
B x H < 0.001 0.011 < 0.001 0.319 0.391 0.644 
B x M < 0.001 0.002 < 0.001 0.562 0.941 < 0.001 
C x F < 0.001 0.237 0.039 0.003 0.340 0.676 
C x H 0.096 < 0.001 0.262 0.247 0.573 0.019 
C x M < 0.001 0.331 0.736 < 0.001 0.657 0.508 
F x H 0.027 0.006 0.296 0.146 0.168 0.093 
F x M 0.628 0.334 0.066 0.955 0.563 0.277 
H x M 

 

0.009 0.044 

 

0.450 0.078 

 

0.453 0.005 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 15.  Determined p-values for statistical comparisons of mean dS/dN values for env 

V1 region, nef and int nucleotide sequences harvested from SIVsmmFGb-infected 

pigtailed macaque tissues at two mpi 

Tissue Comparison  env V1 Region  nef  int 
A x B 0.0181 < 0.001 < 0.001 
A x C 0.857 0.010 0.199 
A x F 0.020 0.047 0.244 
A x H 0.234 0.538 < 0.001 
A x M 0.010 0.649 0.398 
B x C 0.023 0.043 0.011 
B x F < 0.001 < 0.001 0.003 
B x H 0.001 < 0.001 0.821 
B x M < 0.001 < 0.001 0.005 
C x F < 0.001 < 0.001 0.821 
C x H 0.123 0.001 0.008 
C x M 0.003 0.039 0.727 
F x H 0.041 0.144 0.002 
F x M 0.812 0.022 0.862 
H x M 

 

0.116 

 

0.299 

 

0.003 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal 

cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 16A.  Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb env V1 region nucleotide 

sequences between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions 

One Week Post-Infection  
A x C A x F A x H A x M B x C B x F B x H B x M C x F C x H 

A x B < 0.0011 < 0.001 0.007 0.348 < 0.001 < 0.001 0.013 < 0.001 < 0.001 < 0.001 
A x C  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.003 < 0.001 
A x F   0.355 < 0.001 < 0.001 0.145 0.38 < 0.001 < 0.001 < 0.001 
A x H    0.026 < 0.001 0.921 0.728 < 0.001 < 0.001 < 0.001 
A x M     < 0.001 < 0.001 0.024 < 0.001 < 0.001 < 0.001 
B x C      < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F       0.695 < 0.001 < 0.001 < 0.001 
B x H        < 0.001 < 0.001 < 0.001 
B x M         < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

C x F          < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 16B.  Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb env V1 region nucleotide 

sequences between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

One Week Post-Infection  Two Months Post-Infection  
C x M F x H F x M H x M  A x B A x C A x F A x H A x M 

A x B < 0.0011 0.168 < 0.001 < 0.001 0.153 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.138 0.601 < 0.001 < 0.001 
A x F < 0.001 < 0.001 < 0.001 < 0.001 0.154 < 0.001 < 0.001 < 0.001 < 0.001 
A x H < 0.001 < 0.001 < 0.001 < 0.001 0.652 < 0.001 < 0.001 < 0.001 < 0.001 
A x M < 0.001 0.015 < 0.001 < 0.001 0.211 < 0.001 < 0.001 < 0.001 < 0.001 
B x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.01 
B x F < 0.001 < 0.001 < 0.001 < 0.001 0.249 < 0.001 < 0.001 < 0.001 < 0.001 
B x H < 0.001 < 0.001 0.002 < 0.001 0.044 < 0.001 < 0.001 < 0.001 < 0.001 
B x M 0.836 0.005 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F 0.024 < 0.001 < 0.001 0.969 < 0.001 0.147 < 0.001 < 0.001 < 0.001 
C x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.01 < 0.001 
C x M  0.007 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x H   < 0.001 < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001 
F x M    < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

H x M      < 0.001 0.033 0.002 < 0.001 < 0.001 
A x B  < 0.001 < 0.001 < 0.001 < 0.001 
A x C   0.275 < 0.001 < 0.001 
A x F    < 0.001 0.006 

Two 
Months 

Post- 
Infection A x H       < 0.001 

 
Abbrev.:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 16C.  Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb env V1 region nucleotide 

sequences between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

Two Months Post-Infection  
B x C B x F B x H B x M C x F C x H C x M F x H F x M H x M 

A x B < 0.0011 < 0.001 < 0.001 0.709 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.014 < 0.001 0.015 < 0.001 
A x F < 0.001 < 0.001 0.096 0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x H < 0.001 < 0.001 0.005 0.077 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x M < 0.001 < 0.001 < 0.001 0.97 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.548 
B x F < 0.001 < 0.001 0.051 0.051 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x H < 0.001 < 0.001 0.019 0.003 < 0.001 < 0.001 < 0.001 0.007 < 0.001 < 0.001 
B x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.002 < 0.001 
C x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.967 < 0.001 0.484 < 0.001 
C x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.015 
C x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.034 < 0.001 < 0.001 < 0.001 
F x H < 0.001 < 0.001 < 0.001 0.065 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x M < 0.001 0.169 0.397 < 0.001 < 0.001 < 0.001 < 0.001 0.667 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

H x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.504 < 0.001 0.357 < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 16D.  Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb env V1 region nucleotide 

sequences between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

Two Months Post-Infection  
B x C B x F B x H B x M C x F C x H C x M F x H F x M H x M 

A x B < 0.0011 < 0.001 < 0.001 0.386 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.018 < 0.001 0.015 < 0.001 
A x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.836 
B x C  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F   0.052 < 0.001 < 0.001 < 0.001 < 0.001 0.005 < 0.001 < 0.001 
B x H    < 0.001 < 0.001 < 0.001 < 0.001 0.939 < 0.001 < 0.001 
B x M     < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F      < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x H       < 0.001 < 0.001 < 0.001 < 0.001 
C x M        < 0.001 0.576 < 0.001 
F x H         < 0.001 < 0.001 

Two 
Months 

Post- 
Infection 

F x M          < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 17A. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb nef nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions 

One Week Post-Infection  
A x C A x F A x H A x M B x C B x F B x H B x M C x F C x H 

A x B 0.168 < 0.0011 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.397 
A x C  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.999 
A x F   < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x H    < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x M     < 0.001 < 0.001 < 0.001 < 0.001 0.006 < 0.001 
B x C      < 0.001 0.256 0.004 < 0.001 < 0.001 
B x F       < 0.001 < 0.001 0.04 < 0.001 
B x H        < 0.001 < 0.001 < 0.001 
B x M         < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

C x F          < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 17B. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb nef nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

One Week Post-Infection  Two Months Post-Infection  
C x M F x H F x M H x M  A x B A x C A x F A x H A x M 

A x B < 0.0011 0.34 < 0.001 < 0.001 < 0.001 0.009 < 0.001 < 0.001 < 0.001 
A x C < 0.001 0.558 < 0.001 < 0.001 0.009 0.208 < 0.001 < 0.001 < 0.001 
A x F 0.159 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.25 0.213 < 0.001 
A x M < 0.001 < 0.001 0.09 0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F < 0.001 < 0.001 < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F < 0.001 < 0.001 0.324 0.527 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x H < 0.001 0.805 < 0.001 < 0.001 0.005 0.247 < 0.001 < 0.001 < 0.001 
C x M  < 0.001 < 0.001 < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001 
F x H   < 0.001 < 0.001 < 0.001 0.065 < 0.001 < 0.001 < 0.001 
F x M    0.326 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

H x M      < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x B  0.211 < 0.001 < 0.001 < 0.001 
A x C   < 0.001 < 0.001 < 0.001 
A x F    0.809 < 0.001 

Two 
Months 

Post- 
Infection A x H       < 0.001 

 
Abbrev.:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 17C. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb nef nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

Two Months Post-Infection  
B x C B x F B x H B x M C x F C x H C x M F x H F x M H x M 

A x B < 0.0011 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.752 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 < 0.001 0.008 < 0.001 < 0.001 0.265 < 0.001 < 0.001 < 0.001 
A x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x H 0.15 0.108 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.006 < 0.001 
A x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x H < 0.001 < 0.001 < 0.001 0.002 < 0.001 < 0.001 0.329 < 0.001 < 0.001 < 0.001 
C x M < 0.001 < 0.001 < 0.001 0.004 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.614 < 0.001 < 0.001 < 0.001 
F x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

H x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 17D. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb nef nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

Two Months Post-Infection  
B x C B x F B x H B x M C x F C x H C x M F x H F x M H x M 

A x B < 0.0011 < 0.001 < 0.001 0.99 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 < 0.001 0.169 < 0.001 < 0.001 0.008 < 0.001 < 0.001 < 0.001 
A x F 0.122 0.402 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.103 < 0.001 
A x H 0.105 0.523 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.216 0.003 
A x M < 0.001 < 0.001 < 0.001 < 0.001 0.254 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x C  0.115 0.144 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.53 0.226 
B x F   0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.957 0.086 
B x H    < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.298 
B x M     < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F      0.012 < 0.001 < 0.001 < 0.001 < 0.001 
C x H       < 0.001 0.032 < 0.001 < 0.001 
C x M        < 0.001 < 0.001 < 0.001 
F x H         < 0.001 < 0.001 

Two 
Months 

Post- 
Infection 

F x M          0.114 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 18A. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb int nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions 

One Week Post-Infection  
A x C A x F A x H A x M B x C B x F B x H B x M C x F C x H 

A x B < 0.0011 < 0.001 < 0.001 0.011 < 0.001 0.746 0.035 < 0.001 0.048 0.011 
A x C  0.99 < 0.001 0.257 < 0.001 < 0.001 0.07 < 0.001 < 0.001 < 0.001 
A x F   < 0.001 0.246 < 0.001 < 0.001 0.09 < 0.001 < 0.001 < 0.001 
A x H    < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x M     < 0.001 0.015 0.549 < 0.001 < 0.001 < 0.001 
B x C      < 0.001 < 0.001 0.001 0.278 0.492 
B x F       0.034 < 0.001 0.01 < 0.001 
B x H        < 0.001 < 0.001 < 0.001 
B x M         < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

C x F          0.713 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 18B. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb int nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

One Week Post-Infection  Two Months Post-Infection  
C x M F x H F x M H x M  A x B A x C A x F A x H A x M 

A x B < 0.0011 0.708 0.881 0.649 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.664 
A x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.657 
A x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.68 < 0.001 < 0.001 < 0.001 
A x M < 0.001 0.012 0.008 0.016 < 0.001 < 0.001 < 0.001 < 0.001 0.105 
B x C 0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F < 0.001 0.988 0.681 0.986 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x H < 0.001 0.025 0.016 0.041 < 0.001 < 0.001 < 0.001 < 0.001 0.051 
B x M 0.879 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F < 0.001 0.007 0.032 0.007 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x H < 0.001 < 0.001 0.007 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x M  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x H   0.672 0.984 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x M    0.69 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

H x M      < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x B  < 0.001 < 0.001 < 0.001 < 0.001 
A x C   < 0.001 < 0.001 < 0.001 
A x F    0.293 < 0.001 

Two 
Months 

Post- 
Infection A x H       < 0.001 

 
Abbrev.:  A, axillary lymph node; B, basal ganglia; C, cerebellum; F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 18C. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb int nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions at one wpi and two mpi 

Two Months Post-Infection  
B x C B x F B x H B x M C x F C x H C x M F x H F x M H x M 

A x B < 0.0011 < 0.001 < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 0.001 0.72 0.116 0.025 < 0.001 < 0.001 0.001 < 0.001 
A x F < 0.001 < 0.001 < 0.001 0.754 0.116 0.017 < 0.001 < 0.001 0.001 < 0.001 
A x H < 0.001 < 0.001 0.637 < 0.001 0.027 0.012 0.022 < 0.001 0.33 0.89 
A x M < 0.001 < 0.001 < 0.001 0.409 0.006 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x C < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F < 0.001 < 0.001 < 0.001 0.009 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x H < 0.001 < 0.001 < 0.001 0.338 0.008 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x F < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x H < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
C x M < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x H < 0.001 < 0.001 < 0.001 0.004 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
F x M < 0.001 < 0.001 < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

H x M < 0.001 < 0.001 < 0.001 0.004 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 18D. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb int nucleotide sequences 

between SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions (continued) 

Two Months Post-Infection  
B x C B x F B x H B x M C x F C x H C x M F x H F x M H x M 

A x B 0.0071 0.088 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
A x C < 0.001 < 0.001 0.873 < 0.001 0.006 0.016 0.029 < 0.001 0.26 0.781 
A x F < 0.001 0.13 < 0.001 < 0.001 < 0.001 < 0.001 0.093 0.57 < 0.001 < 0.001 
A x H < 0.001 0.296 < 0.001 < 0.001 < 0.001 < 0.001 0.004 0.281 < 0.001 < 0.001 
A x M < 0.001 < 0.001 0.017 0.47 0.141 0.114 < 0.001 < 0.001 0.003 < 0.001 
B x C  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x F   < 0.001 < 0.001 < 0.001 < 0.001 0.002 0.029 < 0.001 < 0.001 
B x H    0.009 0.549 0.161 0.007 < 0.001 0.26 0.56 
B x M     0.02 0.03 < 0.001 < 0.001 < 0.001 < 0.001 
C x F      0.698 < 0.001 < 0.001 0.131 0.044 
C x H       < 0.001 < 0.001 0.108 0.01 
C x M        0.266 0.004 0.037 
F x H         < 0.001 0.001 

Two 
Months 

Post- 
Infection 

F x M          0.398 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 19A. Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb env V1 region nucleotide 

sequences within SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions 

One Week Post-Infection Two Months Post-Infection  
B x B C x C F x F H x H M x M A x A B x B C x C F x F H x H M x M 

A x A < 0.0011 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x B  0.935 < 0.001 0.266 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.034 < 0.001 
C x C   < 0.001 0.01 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.026 < 0.001 
F x F    < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
H x H     < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.634 < 0.001 

One 
Week 
Post- 

Infection 

M x M      < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
    

A x A  < 0.001 < 0.001 < 0.001 < 0.001 0.195 
B x B   < 0.001 0.784 < 0.001 < 0.001 
C x C    0.002 < 0.001 < 0.001 
F x F     < 0.001 < 0.001 

Two 
Months 

Post- 
Infection 

H x H 

 

     < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 19B.  Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb nef nucleotide sequences 

within SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions 

One Week Post-Infection Two Months Post-Infection  
B x B C x C F x F H x H M x M A x A B x B C x C F x F H x H M x M 

A x A < 0.0011 < 0.001 0.835 < 0.001 0.645 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x B  0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.329 < 0.001 0.026 0.007 < 0.001 
C x C   < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.61 0.274 < 0.001 
F x F    < 0.001 0.854 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.002 
H x H     < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

M x M      < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
    

A x A  < 0.001 < 0.001 < 0.001 < 0.001 0.879 
B x B   < 0.001 0.003 < 0.001 < 0.001 
C x C    < 0.001 < 0.001 < 0.001 
F x F     0.541 < 0.001 

Two 
Months 

Post- 
Infection 

H x H 

 

     < 0.001 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 19C.  Determined p-values for statistical comparisons of average pairwise distances of SIVsmmFGb int nucleotide sequences 

within SIVsmmFGb-infected pigtailed macaque lymph nodes and CNS regions 

One Week Post-Infection Two Months Post-Infection  
B x B C x C F x F H x H M x M A x A B x B C x C F x F H x H M x M 

A x A < 0.0011 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x B  < 0.001 0.022 < 0.001 < 0.001 < 0.001 < 0.001 0.317 < 0.001 < 0.001 < 0.001 
C x C   < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.181 < 0.001 
F x F    < 0.001 < 0.001 < 0.001 0.082 0.172 < 0.001 < 0.001 < 0.001 
H x H     < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

One 
Week 
Post- 

Infection 

M x M      < 0.001 < 0.001 < 0.001 < 0.001 0.003 0.738 
    

A x A  < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
B x B   0.002 0.019 < 0.001 < 0.001 
C x C    < 0.001 < 0.001 < 0.001 
F x F     < 0.001 < 0.001 

Two 
Months 

Post- 
Infection 

H x H 

 

     0.003 
 

Abbreviations:  A, axillary lymph node; B, basal ganglia; C, cerebellum; 

F, midfrontal cortex; H, hippocampus; M, mesenteric lymph node. 

1p-values < or = 0.05 noted in red. 
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Table 20.  Determined p-values for statistical comparisons of the average amino acid 

sequence length of Env V1 region sequences in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions at one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.703 < 0.0011 

 

0.192 < 0.001 
     

One Week 
Post-

Infection 

 < 0.001 0.087 < 0.001 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

< 0.001 0.562 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    < 0.001 

 
1p-values < or = 0.05 noted in red. 
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Table 21.  Determined p-values for statistical comparisons of the average number of 

potential O-linked glycosylation sites of Env V1 region sequences in the SIVsmmFGb 

stock and infected pigtailed macaque lymph nodes and CNS one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

< 0.0011 < 0.001 

 

0.05 < 0.001 
     

One Week 
Post-

Infection 

 < 0.001 0.194 0.042 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

< 0.001 < 0.001 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.006 

 
1p-values < or = 0.05 noted in red. 
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Table 22.  Determined p-values for statistical comparisons of the prevalence of the 

KSPKAE insertion in Env V1 region sequences in the SIVsmmFGb stock virus and 

infected pigtailed macaque lymph nodes and CNS regions at one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.1361 0.18 

 

< 0.001 < 0.001 
     

One Week 
Post-

Infection 

 0.509 0.069 0.049 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.737 0.638 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.931 

 
1p-values < or = 0.05 noted in red. 
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Table 23.  Determined p-values for statistical comparisons of the prevalence of mutations 

removing the first N-linked glycosylation site in Env V1 region sequences in the 

SIVsmmFGb stock virus and infected pigtailed macaque lymph nodes and CNS regions 

at one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.3251 0.989 

 

0.133 0.026 
     

One Week 
Post-

Infection 

 0.405 0.51 0.003 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.201 0.04 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.001 

 
1p-values < or = 0.05 noted in red. 
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Table 24.  Determined p-values for statistical comparisons of the prevalence of mutations 

modifying the second N-linked glycosylation site in Env V1 region sequences in the 

SIVsmmFGb stock virus and infected pigtailed macaque lymph nodes and CNS regions 

at one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.237 < 0.0011 

 

0.255 0.39 
     

One Week 
Post-

Infection 

 0.056 0.294 0.339 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

< 0.001 0.003 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.862 

 
1p-values < or = 0.05 noted in red. 
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Table 25.  Determined p-values for statistical comparisons of the prevalence of Nef 

sequences with basic region mutations in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph node tissues and CNS regions at one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.0171 0.03 

 

0.015 0.007 
     

One Week 
Post-

Infection 

 0.904 0.692 0.494 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.675 0.557 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.862 

 
1p-values < or = 0.05 noted in red. 
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Table 26.  Determined p-values for statistical comparisons of the prevalence of Nef 

sequences with N-proximal Y residue mutations in the SIVsmmFGb stock virus and 

infected pigtailed macaque lymph node tissues and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.0171 0.012 

 

0.005 < 0.001 
     

One Week 
Post-

Infection 

 0.709 0.773 0.46 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.725 0.557 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.299 

 
1p-values < or = 0.05 noted in red. 
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Table 27.  Determined p-values for statistical comparisons of the prevalence of Nef 

sequences with acidic region mutations in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph node tissues and CNS regions at one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.0441 0.19 

 

0.004 < 0.001 
     

One Week 
Post-

Infection 

 0.93 0.914 0.601 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.867 0.546 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.507 

 
1p-values < or = 0.05 noted in red. 
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Table 28.  Determined p-values for statistical comparisons of the prevalence of Nef 

sequences with thioesterase binding site mutations in the SIVsmmFGb stock virus and 

infected pigtailed macaque lymph node tissues and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.894 0.868 

 

0.516 0.0231 
     

One Week 
Post-

Infection 

 0.775 0.759 0.367 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.687 0.214 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.061 

 
1p-values < or = 0.05 noted in red. 
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Table 29.  Determined p-values for statistical comparisons of the prevalence of Nef 

sequences with AP interaction site mutations in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph node tissues and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.152 0.0011 

 

0.033 0.275 
     

One Week 
Post-

Infection 

 0.023 0.773 0.241 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.041 0.014 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

    0.094 

 
1p-values < or = 0.05 noted in red. 
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Table 30.  Determined p-values for statistical comparisons of the prevalence of Int 

sequences with mutations in the active site flexible loop in the SIVsmmFGb stock virus 

and infected pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.071 0.031 

 

0.013 0.009 
     

One Week 
Post-

Infection 

 0.7 0.188 0.112 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.392 0.131 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.772 

 
1p-values < or = 0.05 noted in red. 
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Table 31.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 41 of the Env V1 region in the SIVsmmFGb stock virus and 

infected pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.451 0.793 

 

0.154 < 0.0011 
     

One Week 
Post-

Infection 

 0.332 0.417 < 0.001 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.121 0.003 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     < 0.001 

 
1p-values < or = 0.05 noted in red. 
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Table 32.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 49 of the Env V1 region in the SIVsmmFGb stock virus and 

infected pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.256 0.0041 

 

0.403 0.403 
     

One Week 
Post-

Infection 

 0.073 0.512 0.512 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.015 0.02 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.751 

 
1p-values < or = 0.05 noted in red. 
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Table 33.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 9 of Nef in the SIVsmmFGb stock virus and infected pigtailed 

macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.0411 0.035 

 

0.109 0.003 
     

One Week 
Post-

Infection 

 0.826 0.449 0.815 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.411 1 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.371 

 
1p-values < or = 0.05 noted in red. 
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Table 34.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 12 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.544 0.109 

 

0.15 0.201 
     

One Week 
Post-

Infection 

 0.396 0.08 0.759 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.011 0.602 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.014 

 
1p-values < or = 0.05 noted in red. 
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Table 35.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 13 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.065 0.021 

 

0.01 0.003 
     

One Week 
Post-

Infection 

 0.545 0.639 0.449 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.827 0.893 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.862 

 
1p-values < or = 0.05 noted in red. 
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Table 36.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 14 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.209 0.0481 

 

0.275 0.003 
     

One Week 
Post-

Infection 

 0.312 0.692 0.16 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.208 0.687 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.061 

 
1p-values < or = 0.05 noted in red. 
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Table 37.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 15 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.69 0.473 

 

0.054 0.095 
     

One Week 
Post-

Infection 

 0.56 0.601 0.144 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.118 0.43 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.011 

 
1p-values < or = 0.05 noted in red. 
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Table 38.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 19 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.058 0.0081 

 

0.014 0.002 
     

One Week 
Post-

Infection 

 0.301 0.732 0.417 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.411 0.893 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.665 

 
1p-values < or = 0.05 noted in red. 
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Table 39.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 28 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.021 0.012 

 

0.004 < 0.001 
     

One Week 
Post-

Infection 

 0.725 0.885 0.517 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.725 0.603 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.326 

 
1p-values < or = 0.05 noted in red. 
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Table 40.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 39 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.126 0.078 

 

0.401 0.177 
     

One Week 
Post-

Infection 

 0.782 0.611 0.0191 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.467 0.014 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.064 

 
1p-values < or = 0.05 noted in red. 
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Table 41.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 89 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

< 0.0011 < 0.001 

 

0.011 < 0.001 
     

One Week 
Post-

Infection 

 0.938 0.077 0.842 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.057 0.84 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.026 
 

 
1p-values < or = 0.05 noted in red. 
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Table 42.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 91 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

< 0.0011 0.006 

 

0.008 0.004 
     

One Week 
Post-

Infection 

 0.765 0.899 0.856 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.933 0.648 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.748 

 
1p-values < or = 0.05 noted in red. 
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Table 43.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 92 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.871 0.0011 

 

0.186 0.011 
     

One Week 
Post-

Infection 

 0.007 0.46 0.044 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.014 0.4 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.133 

 
1p-values < or = 0.05 noted in red. 
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Table 44.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 93 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

< 0.0011 < 0.001 

 

0.001 0.005 
     

One Week 
Post-

Infection 

 0.991 0.033 0.009 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.038 0.022 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.751 

 
1p-values < or = 0.05 noted in red. 
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Table 45.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 94 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.0031 0.031 

 

0.365 0.227 
     

One Week 
Post-

Infection 

 0.707 0.086 0.311 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.239 0.555 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.772 

 
1p-values < or = 0.05 noted in red. 
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Table 46.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 95 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

< 0.0011 < 0.001 

 

0.003 0.031 
     

One Week 
Post-

Infection 

 0.233 0.318 0.008 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.987 0.114 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.156 

 
1p-values < or = 0.05 noted in red. 
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Table 47.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 96 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.031 < 0.001 

 

0.033 0.008 
     

One Week 
Post-

Infection 

 0.089 0.986 0.286 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.098 0.8 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.257 

 
1p-values < or = 0.05 noted in red. 
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Table 48.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 153 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.824 0.836 

 

0.71 0.011 
     

One Week 
Post-

Infection 

 0.775 0.678 0.33 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.687 0.19 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.03 

 
1p-values < or = 0.05 noted in red. 
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Table 49.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 193 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.107 0.0011 

 

0.022 0.286 
     

One Week 
Post-

Infection 

 0.025 0.719 0.249 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.05 0.022 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.065 

 
1p-values < or = 0.05 noted in red. 
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Table 50.  Determined p-values for statistical comparisons of the prevalence of sequences 

with mutations in position 195 of Nef in the SIVsmmFGb stock virus and infected 

pigtailed macaque lymph nodes and CNS regions one wpi and two mpi 

Central Nervous System 
Tissues 

Lymph Node Tissues  

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

One Week 
Post-

Infection 

Two 
Months 

Post-
Infection 

 

Stock 

 

0.0371 0.847 

 

0.659 0.131 
     

One Week 
Post-

Infection 

 0.081 0.205 0.356 Central 
Nervous 
System 
Tissues Two 

Months 
Post-

Infection 

 

  

 

0.545 0.373 

     
Lymph 
Node 

Tissues 

One Week 
Post-

Infection 

     0.524 

 
1p-values < or = 0.05 noted in red. 
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Table 51 – The most common amino acid substitutions at residues with significant 

changes in the percentage of sequences with mutations in the lymph node or CNS at one 

wpi or two mpi, relative to the SIVsmmFGb stock virus 

 
Gene  Position  SIVsmmFGb 

Stock Virus 
Consensus 

Sequence Amino 
Acid 

 Most Common Amino Acid 
Substitution(s) 

41 Serine Asparagine, Tyrosine Env V1 
Region 

 
49 

 
Asparagine 

 
Serine 

       
9 Glutamine Arginine 
12 Glutamine Arginine 
13 Arginine Glutamine 
14 Glycine Arginine 
15 Glycine Arginine, Lysine 
19 Lysine Arginine 
28 Histidine Tyrosine 
39 Tyrosine Cysteine 
89 Aspartate Asparagine 
91 Aspartate Asparagine 
92 Aspartate Asparagine 
93 Aspartate Asparagine 
94 Aspartate Asparagine 
95 Aspartate Asparagine 
96 Glutamate Lysine 

153 Isoleucine Valine 
193 Tyrosine Cysteine 

Nef  

195 

 

Valine 

 

Methionine 
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