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Abstract 

In this study we sought to understand both the role of interleukin-15 (IL-15) in 

normal lymphocyte homeostasis in rhesus macaques and also how increased IL-15 levels 

during simian immunodeficiency virus (SIV) infection contribute to lymphocyte 

homeostatic dysregulation and SIV pathogenesis.  The common gamma chain (γc) 

cytokine IL-15 regulates the homeostasis and differentiation of CD8 and CD4 memory T 

cells (TM) and is required for the generation and maintenance of the major innate 

immune effector population, natural killer (NK) cells.  However, the role of IL-15 

maintaining these lymphocyte populations in vivo has not been fully characterized.  To 

clarify the role of IL-15 in normal lymphocyte homeostasis, we administered healthy 

rhesus macaques (RM) doses of anti-IL-15 antibody (Ab) (N=15) or an IgG1 control Ab 

(N=10).  Significantly, we observed that NK cells were almost completely depleted 

following anti-IL-15 Ab administration.  Anti-IL-15 Ab treatment had no effect on 

central memory T cells (TCM) but resulted in an initial decline of CD4 and CD8 effector 

memory T cell (TEM) absolute numbers, but this decline was countered by the onset of 

TEM homeostatic proliferation, potentially induced by an increased sensitivity to IL-7 in 

the absence of IL-15 mediated signaling.  Although the TEM homeostatic proliferative 

burst was associated with stabilization of absolute numbers in WB, TEM levels in the 

colon remained depleted and tissue expression of active caspase-3 was increased 

following anti-IL-15 Ab compared to IgG control Ab treatment.  Moreover, microarray 

revealed that TEM expression profiles were dysregulated, with a signature indicating they 

were pre-apoptotic and turning over at an increased rate.  Our studies thus reveal that IL-
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15 is necessary to maintain normal RM NK cell and effector memory T cell homeostasis 

in vivo.     

IL-15 has been implicated in the pathogenic hyperimmune activation that 

characterizes HIV/SIV infection, and its administration during acute SIV infection is 

associated with enhanced activation of CD4 memory T cells and higher post-peak viral 

replication.  Thus, IL-15 activity might provide benefit to an HIV/SIV infected host by 

support of anti-viral T and NK cell effectors, and/or contribute to HIV/SIV pathogenesis 

by support of hyperimmune activation.  To better understand the role of IL-15 in 

pathogenic SIV-infection, we treated 18 chronically SIVmac239 infected RM with 6 

doses of the rhesusized anti-IL15 Ab, M111, (N=9) or IgG1 isotype control Ab (N=9) 

biweekly over a 10-week period.  We next investigated the effect of anti-IL-15 Ab dosing 

on acute SIV-infection by administering 23 RM anti-IL-15 M111 Ab (N=15) or IgG1 

isotype control Ab (N=8) before and up to 8 weeks post SIVmac239 infection.  In both 

cohorts, anti-IL15 Ab was highly efficient at neutralizing IL-15 signaling in vivo and 

caused a near complete depletion of NK cells in the blood and tissues.  Throughout anti-

IL-15 Ab dosing, CD4 and CD8 TEM exhibited a high-turnover homeostasis, but long-

term CD4 TEM absolute counts in blood and tissues remained unchanged compared to 

IgG control Ab treatment during both chronic and acute SIV-infection.  Despite these 

notable changes to immune cell populations, viral replication rates and disease 

progression during chronic and acute SIV infection were comparable to those of control 

animals. These studies suggest that increased IL-15 levels during SIV-infection are not 
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primary drivers of disease progression and that NK cells do not play a significant role in 

either controlling SIV replication or promoting SIV pathogenesis.

 



 

 1 

Chapter 1 – Introduction 
 
Acquired immunodeficiency syndrome (AIDS) is still a global pandemic 

AIDS has caused the deaths of over 30 million people worldwide since the 

epidemic’s start in 1981, and over 34 million more people are currently infected with 

human immunodeficiency virus (HIV).  Each year nearly two million people die from 

AIDS and almost three million more people become newly infected with HIV (1).  

Although overall infection rates have declined in recent years due to effective global 

health initiatives, AIDS remains a devastating pandemic, with HIV infection rates still 

rising in some areas of Eastern Europe and Asia.  In the hardest hit nations of sub-

Saharan Africa, almost 25% of the population is infected with HIV.  In these developing 

countries, AIDS has lowered the mean age of death and has devastated the working-aged 

population.  The consequence of a shrinking work force and the increased financial 

burden of caring for a rising number of HIV-infected individuals has set back economic 

development and social progress many years to decades in these areas (2).  These nations 

show the devastation HIV and AIDS can cause if the pandemic is not effectively 

addressed.       

Effective vaccines are not currently available for human populations, and 

although there have been great strides in anti-retroviral therapy (ART), health concerns 

still persist regarding HIV-infected individuals.  The development of highly effective 

ART (HAART) has enabled many HIV-infected people to live normal, healthy lives, but 

HIV-infected individuals on ART have a shorter life expectancy and more health 

problems than uninfected peers (3).  A significant barrier to the development of alternate 
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effective therapies to HIV disease has been a lack in understanding the mechanisms of 

AIDS pathogenesis, despite nearly 30 years of intensive research.   

 

HIV/SIV pathogenesis 

A model whereby HIV causes disease by simply killing CD4 T cells by direct 

infection does not explain the complicated mechanisms of AIDS pathogenesis (4).  

Notably, HIV rapidly and continuously replicates throughout the entire course of 

infection, killing target cells within hours or days, but the onset of AIDS only occurs 

many years or decades after initial HIV infection (5-7).  Interestingly, although viral 

replication largely correlates with disease tempo, non-viral host parameters, specifically 

immune activation is a stronger predictor of disease outcome (8-12).  Pathogenic CCR5-

tropic HIV-infection is characterized by high, chronic immune activation.  Chronic 

inflammation and disease progression has been associated with mucosal abnormalities 

that lead to translocation of microbial products from the intestinal lumen to systemic 

circulation (13). 

Because of the complexity of AIDS and limitations when studying human 

subjects, HIV pathogenesis can best be studied using SIV infection of Indian-origin 

rhesus macaques as a non-human primate model of AIDS (14-16).  Like HIV infection of 

humans, SIV infection of macaques represents a cross species transmission of the virus to 

an unnatural host.  CCR5-tropic SIVs such as SIVmac239 exhibit similar patterns of viral 

replication, target cell depletion, and immune activation as HIV-1 infection (17, 18).  The 

most significant difference between SIV infection of macaques and HIV infection of 
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humans is that SIV viral loads are higher and the pace of disease progression is 

accelerated; most macaques die of AIDS within two years after primary infection 

whereas untreated HIV infected humans do not develop AIDS until an average of eleven 

years after initial infection (17).  Despite this difference in the rate of disease progression, 

SIV disease course is chronic and most animals survive acute infection and maintain a 

disease-free plateau phase before exhibiting immune degradation and AIDS.  At the onset 

of AIDS, rhesus macaques will even develop opportunistic infections that are observed in 

humans with AIDS (17, 19, 20).  Because of its unique relevance to understanding HIV 

infection and AIDS progression in humans, our studies were conducted using SIVmac239 

infection of Indian-origin rhesus macaques as a non-human primate model, which may 

have parallels with HIV infection.       

    

HIV/SIV and CD4 memory T cell biology 

Major effectors of adaptive immunity are CD4 and CD8 T lymphocytes (T cells).  

CD4 and CD8 T cells use a method called V(D)J recombination whereby rearranged gene 

segments create a huge repertoire of T cell receptors (TCR) that recognize a diverse range 

of potential antigens (21-23).  Upon specific antigen encounter, the T cell response is 

generally considered to go through three stages including activation/expansion, death, 

and stability/memory.  Stability and memory of antigens mediated by T cells is achieved 

through the retention of long-lived memory T cells (TM) specific for previously 

encountered antigen.  Upon antigen re-exposure, TM are able to respond more quickly 
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and robustly than antigen naive T cells (TN) and provide an immune response specific to 

that antigen. 

The antigen experienced memory T cell compartment is composed of a 

heterogeneous population of cells that exist along a differentiation sequence that includes 

a stable “reserve” population with limited effector potential, so- called “central memory 

T cells” (TCM), and a more specialized and differentiated “hunter/killer” population, so-

called “effector memory T cells” (TEM) (24-28).  In the healthy immune system, the 

TCM population serves as a reservoir of cells that helps maintain the TEM population by 

proliferating and differentiating to TEM in response to antigen, cytokines or MHC II 

interactions (29).  In contrast to TCM, TEM are programmed to migrate into effector sites 

and once there exhibit high effector cytokine production, high cytotoxicity, and little 

recirculatory potential.  TCM and TEM differentiation status can be distinguished by 

their expression of the homing C-C chemokine receptors type 5 (CCR5) and type 7 

(CCR7); CCR7 is expressed on TCM and causes these cells to circulate through the blood 

and lymph, whereas CCR5 is expressed on TEM and directs their migration to effector 

sites (24, 30).   

CD4 TEM are the most efficiently targeted cells by most SIV/HIV because they 

constitutively express CCR5, the SIV/HIV co-recteptor.  Pathogenic CCR5-tropic SIV-

infection of RM results in the rapid depletion of most CCR5+ CD4 TEM in effector sites 

such as the lung and gut lamina propria within days of initial infection (31).  Antigen-

stimulated systemic immune activation causes TCM proliferation and differentiation to 

TEM in order to supply the peripheral effector sites with adequate TEM to fight local 
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infection.  It was shown that SIV infection initiates a persistent hyper-proliferative state 

among CD4 (and CD8) memory T cells (32).  However, despite lacking detectable CCR5 

co-receptor expression and being relatively (albeit not absolutely) resistant to lytic HIV 

infection, CD4 TCM populations are not maintained during chronic SIV infection, and it 

is this instability that appears to be responsible for progressive failure of CD4 TEM 

production.  A progressive decline in CD4 TCM leads to an insufficient supply of CD4 

TEM to effector sites, and ultimately to immune failure and the onset of AIDS.  Given 

that most strains of SIV only efficiently replicate in CD4 TEM and continuously replicate 

throughout the course of chronic infection, the mechanism by which the CD4 TCM 

population is slowly, yet progressively depleted, is unknown (32).  The slow depletion of 

the CD4 TCM population without increased evidence of direct viral-mediated killing 

implicates homeostatic failure of this population during HIV disease.  Further suggesting 

a homeostatic dysregulation, it has been observed that the cellular response of CD4 TEM 

to homeostatic regulators is abnormal in animals with uncontrolled SIV infection “normal 

progressors” (25).   

To understand the homeostatic failure of CD4 TCM during HIV/SIV disease, it is 

first necessary to understand T cell homeostasis in the healthy immune system.  Indeed, a 

significant barrier to understanding HIV pathogenesis has been a lack in understanding T 

cell homeostasis during normal conditions.  Whereas antigen-naïve T cells are dependent 

on peptide/MHC interactions in vivo, memory T (TM) cells can survive in the body for 

the lifetime of the individual, even in the absence of antigen stimulation (33-38).  Several 

signals in vivo are required for the homeostatic maintenance of these long-lived TM cells.  
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Common gamma chain (γc) cytokines are considered major regulators of TM cell 

homeostasis.   

 

Common gamma chain (γc) cytokine regulation of lymphocyte homeostasis 

 Cytokines are small signaling molecules that play a key role regulating immune 

cell development, function, and homeostasis throughout the body (39).  A group of Type 

I cytokines, γc cytokines, share not only common structural features but also a common 

receptor component, the γc.  The importance of the γc to the immune system is revealed 

in γc- deficient humans and mice.  Mice lacking γc expression have severe lymphopenia, 

with T cell and B cell numbers drastically reduced and NK cells completely absent (40, 

41).  Humans with X-linked severe combined immunodeficiency (XSCID) have 

mutations in γc-encoding gene IL2RG and these patients fail to develop T cells or NK 

cells, originally implicating the γc in T cell and NK cell development and maturation 

(42).  The cytokines sharing the γc include IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (43-

49).  γc cytokine specificity and affinity is mediated by private receptors for each 

cytokine, designated their α-chains.  Because γc cytokines share common receptors, some 

of their biologic functions are overlapping and redundant.  However, unique, non-

redundant functions of cytokines are elicited by expression of cytokines and their specific 

receptors at various times and places throughout the body.    

It is generally recognized that the common gamma chain cytokines IL-7 and IL-

15 are major regulators of T cell homeostasis (26, 29, 50-52).  IL-7 has been fairly well 

characterized and functions to promote the proliferation and survival of both naïve and 
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memory T cells in the thymus and the periphery (50, 53-56).  Although evidence suggests 

that IL-15 promotes lymphocyte effector function, the role of IL-15 in vivo is still not 

clearly defined (57-60).   

 

IL-15 

IL-15 is a pleiotropic cytokine that is involved in homeostasis and activation of 

both the innate and adaptive immune system.  IL-15 has an extremely diverse set of 

functions on many cell types throughout the body including memory T cells, natural 

killer (NK) cells, invariant NKT cells, intestinal intraepithelial lymphocytes (IELs), 

activated B lymphocytes (B cells), dendritic cells (DCs), macrophage, mast cells and 

neutrophils (61-71).  The IL-15 protein is expressed throughout the body by monocytes, 

macrophages, dendritic cells, and stromal cells (72, 73).  To mediate signals, IL-15 binds 

to its heterotrimeric receptor composed of IL-15Rα, IL-2/15Rβ, and γc (65, 74-77).  

Binding the receptor initiates a signal cascade whereby Janus kinase 3 (JAK3) 

phosphorylation induces Signal transducer and activator of transcription 5 (STAT5) 

phosphorylation, which causes STAT5 translocation to the nucleus and binding to 

specific DNA sequences (78).  Via STAT5 activation, IL-15 favors pro-survival signals 

by up-regulating anti-apoptotic proteins such as Bcl-2 and downregulating pro-apoptotic 

proteins such as Bim in T cells and NK cells (53, 79-83).  Additionally, IL-15 can trigger 

several other signaling pathways including phosphorylation of Src-family kinases Lck 

and Syk, stimulation of phasphatidylinositol-3-kinase (PI3-K)/AKT pathway and 

stimulation of the Ras/Raf/MAPK pathway (84).   
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IL-15 is unique among cytokines because it has been shown to mediate signals via 

trans-presentation (85-90).  During trans-presentation, a cell expressing IL-15Rα bound 

to IL-15 at the cell surface signals adjacent cells expressing only IL-2/IL-15Rβ and γc 

(88).  It was demonstrated that both monocytes and dendritic cells are able to present IL-

15 in trans to support lymphocyte survival and function (87, 91-94).  However, there is 

also evidence that IL-15 signals via cis-presentation, where soluble, free IL-15 binds a 

cell expressing IL-15Rα, IL-2/IL15Rβ, and γc.  Alternatively, studies also indicate IL-15 

signaling may occur by soluble IL-15 complexes bound to IL-15Rα (95, 96).   

  

IL-15 and T cell homeostasis 

IL-15 is important in the generation and maintenance of memory T cells in vivo 

(97, 98).  IL15Rα-/- knockout (KO) mice exhibited smaller lymph nodes with less cells 

due to defective lymphocyte homing and reduced proliferation.  In these IL15Rα-/-mice, 

CD8 T cell numbers were reduced and so were activated memory phenotype CD8 T cells 

(99).  Consistently, IL15-/- KO mice also show reduced numbers of CD8 T memory 

cells.  Because CD8 TM numbers are reduced but still present, this suggests that IL-15 

controls proliferation and or survival of these cells.  Further supporting this idea, IL-15-/- 

KO mice have normal numbers of CD8 T cells in the thymus, but reduced numbers in the 

periphery, showing IL-15 is not necessary for CD8 T cell development (100, 101).  The 

preferential support of memory phenotype cells by IL-15 may be due to the fact that 

memory phenotype T cells are more responsive to IL-15 than naïve T cells (102).  IL-15-

/- KO also results in a lack of antigen specific CD8 TM cells during infection.  During the 
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contraction phase of the T cell response and the transition of effector to memory T cells, 

the absence of IL-15 signaling results in a much more drastic contraction phase and much 

higher death rate of CD8 effector T cells (103-107).  Increased CD8 T cell loss during 

contraction is likely due to increased death resulting from a decrease in IL-15-mediated 

expression of pro-survival protein Bcl-2 (108, 109).   

Early studies in mice deficient for IL-15 and IL-15Rα showed a normal sized 

CD4 memory T cell population suggesting that IL-15 had a negligible role in CD4 TM 

homeostasis.  However, further studies provide evidence that IL-15 is indeed a significant 

regulator of CD4 TM cells as well as CD8 TM cells (32, 60, 99, 110).  There are 

additional studies showing that IL-15 can induce CD4 TCM and CD4 TEM proliferation 

(110-113).  Moreover, IL-15 can generally upregulate CCR5, a ligand that mediates T 

cell effector site migration and a marker of effector memory on CD4 T cells in vitro 

(110).  

Several studies have investigated the effect of IL-15 in a nonhuman primate 

model by administering doses of exogenous rhesus recombinant IL-15 (rIL-15) to healthy 

rhesus macaques.  The literature is quite consistent and several effects were routinely 

observed.  After IL-15 administration, there is a brief lymphopenia followed by 

lymphocytosis (114-116).  T lymphocytes are significantly affected by IL-15 

administration, which causes an increase in CD4 and CD8 TM proliferation and absolute 

numbers.  TEM populations have the highest increase in proliferation and absolute 

numbers, with TCM exhibiting lower increases in Ki-67 and absolute numbers.  

Additionally, CD8 T cells are more reactive to IL-15 than CD4 T cell counterparts (25, 
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114-116).  IL-15 has been shown to induce cell migration causing a redistribution of 

long-lived cells from circulation to tissues (25, 115).  Alternatively, overstimulation with 

IL-15 and or spikes of exogenous IL-15 do not always lead to long-lived accumulation of 

cells in tissues, but rather these proliferating cells have been associated with increased 

death or annexin V staining (114, 117).  IL-15 treatment increases the production of long-

lived antigen specific CD4 and CD8 T cells (118, 119).     

  

IL-15 and NK cell homeostasis 

In addition to regulating lymphocyte homeostasis of the adaptive immune system, 

IL-15 also regulates NK cell homeostasis.  NK cells are typically considered to be part of 

the innate immune system, primarily protecting the body against viral pathogens, 

especially viruses that down regulate major histocompatibility complex (MHC) class I 

molecules to escape cytotoxic T lymphocytes (CTL).  NK cells express relatively 

invariant inhibitory and activating receptors that recognize target cells through interaction 

with MHC class I molecules.  NK cells function not only to directly kill infected target 

cells and mediate antibody dependent cellular cytotoxicity, but also are an important 

source of cytokines that help trigger the antigen-specific responses of the adaptive 

immune system (53, 120).  NK cells have been shown to be dependent on IL-15-mediated 

signals for generation and maintenance in vivo.  IL-15 supports NK cell development in 

the bone marrow and mature NK cell numbers are maintained by IL-15 controlled 

proliferation and survival (87, 121-124).  IL-15 has also been shown to be important for 

NK cell activation and function (94, 125, 126).   Clearly demonstrating NK cell reliance 
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on IL-15, IL15/Rα-/- KO mice had reduced innate cell numbers and function including a 

lack of NK cells and reduced NK T cell numbers (99).  Similarly, in IL15-/- KO mice, 

NK cells were practically absent and no NK cell function could be observed, indicating 

that NK cells require IL-15 for development and function.  Interestingly, observed 

phenotypes could be reversed by addition of exogenous IL-15 treatment, which increased 

NK cell number and functionality in vivo (101).  The similar phenotypes of IL15-/- and 

IL15Rα-/- KO mice confirm that IL-15 primarily signals via the IL15Ra in NK cells in 

vivo.  Furthermore, STAT5, which is known to mediate IL-15 signaling, was shown to be 

essential for NK cell proliferation and cytolytic activity in mice.  Indeed, NK cell 

populations were diminished and lacked effector function in different STAT5 knockout 

mice (127).  

The dependency of NK cells on IL-15 is a highly conserved feature in the immune 

systems of mammalian species studied.  When cynomolgus monkeys or RM were dosed 

with a JAK3 inhibitor that is an essential component of several γc cytokine receptors 

including IL-15, NK cells were depleted compared to vehicle treated animals.  Only after 

stopping of inhibitor dosing did NK cell numbers rebound (128, 129).  Additionally, 

studies in RM show that IL-15 administration causes an increase in NK cell proliferation 

and absolute numbers over the course of treatment, preferentially expanding the CD16+ 

NK cell population (114-116).  Very recently, a study showed that an anti-IL-15 antibody 

caused NK cell depletion in rhesus macaques (130).  Interestingly, two groups have 

observed that anti-IL-15 Ab administration to humans does not cause NK cell depletion 



 

 12 

(130, 131).   Still, in humans NK cells are dependent on γc mediated signals as NK cells 

are largely absent in XSCID humans (42).  

 

IL-15 in health and disease 

 As an important regulator of lymphocyte function and homeostasis, either a lack 

of IL-15 or an overabundance of IL-15 in vivo has been associated with various 

pathologies.  Although patients with mutations in IL-15 or IL-15Rα have not been 

identified, mutations that lead to defective IL-15 signal transduction lead to severe 

immunodeficiency.  Most notably, mutations in components of the γc cytokine signaling 

pathway, such as the γc or JAK3, leads to severe combined immunodeficiency, the result 

of a severe depletion or absence in T cell and NK cell numbers and functions (132, 133).  

Additionally IL-15 over-expression has been implicated in exacerbating a number of 

diseases including rheumatoid arthritis (RA), Staphylococcus aureus arthritis, celiac 

disease, virus-induced chronic obstructive pulmonary disease (COPD), HIV-infection, 

and SIV-infection of RM (111, 131, 134-137).   

Recently, there was a clinical trial of blockade of IL2/IL-15Rβ by humanized 

mAb.  This antibody also blocks trans presentation of IL-15.  The study found cells 

expressing IL-15Rα along with IL2/IL15Rβ could still be signaled by IL-15.  The 

blockade of IL-15 signaling did not improve the clinical outcome of patients with T-cell 

large granular lymphocytic leukemia (T-LGL).  The antibody was not toxic after a dose 

although one patient did develop antibodies against the antibody.  Moreover, T cells from 

peripheral blood taken ex-vivo from patients were inhibited from responding to IL-2 and 
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IL-15 signals, which they showed was due to blocking.  This study confirmed and further 

validated the use of this antibody in cases where IL-15 is the cause of pathogenesis, such 

as celiac disease (138).   

 Separate studies have administered a human anti-IL-15 Ab, HuMax-IL15, to 

patients with RA.  The antibody was well tolerated with no adverse side effects and 

results showed that patients had moderately improved clinical outcome following anti-IL-

15 Ab administration.  Interestingly, HuMax-IL15 caused no changes to T cell or NK cell 

numbers (131).   

 

IL-15 and HIV/SIV infection 

In response to systemic immune activation during pathogenic HIV/SIV infection, 

IL-15 levels become dysregulated.  IL-15 levels have been shown to significantly 

increase during acute HIV and SIV infection (111, 135, 139, 140).  It is unclear, however, 

whether increased IL-15 levels play a role in promoting immunity and T cell homeostasis 

or exacerbating HIV disease.  Supporting a role for IL-15 in promoting immunity during 

HIV/SIV infection, IL-15 stimulates the expansion of virus-specific T cell responses (25, 

111, 112, 118, 119, 141).  Many recent studies administering IL-15 as an adjuvant during 

HIV/SIV vaccination protocols have demonstrated that IL-15 increased viral-specific T 

cell responses during T cell priming as well (142-152).  Additionally, it was shown that 

short term IL-15 treatment did not change the SIV plasma viral load of either ART 

treated or untreated SIV-infected RM (25).  Administration of IL-15 to chronically SIV-

infected macaques did not result in changes to viral loads either (141, 153).  Similarly, a 
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JAK/STAT inhibitor administered to chronically infected RM induced modest, transient 

increase to viral load (128).  It therefore remains uncertain whether increased IL-15 levels 

protect against HIV/SIV disease progression through support of anti-viral effectors such 

as CD8 T cells and NK cells and through support of CD4 TEM populations numbers by 

inducing CD4 T cell differentiation.  Alternatively, IL-15 may play a role driving 

HIV/SIV pathogenesis by causing an over-differentiation of CD4 TEM and exhausting 

the CD4 T cell population and by contributing to the chronic hyper immune activation.  

Certainly, multiple studies have suggested that IL-15 may in fact aggravate HIV/SIV 

disease.  Administration of IL-15 to chronically SIV-infected rhesus monkeys on ART 

delayed viral suppression and did not reconstitute CD4 T cells at mucosal sights (153).   

Moreover, administration of IL-15 to rhesus macaques during acute SIV infection 

increased viral set point and accelerated disease progression despite higher SIV-specific 

CD8 T cell responses (112).  Increased IL-15 cytokine concentrations have been 

correlated to increased viral loads (111, 135, 139).  One study measures significantly 

higher plasma IL-15 levels during acute SIV infection, which correlated with increased 

immune activation and increased susceptibility of CD4 TM to SIV infection (111).  

Indeed, incubation of CD4 T cells with IL-15 increased the infection rate of CD4 T cells 

by SIV in vitro (111).  It should be noted that despite the observed correlation between 

IL-15 and disease outcome, Okoye et al. documented that CD8 depletion of SIV infected 

RM results in a spike of IL-15 that causes dramatic CD4 TEM expansion.  While the 

CD8 depleted monkeys succumb to rapid disease progression, blockade of IL-15 inhibits 

the CD4 TEM proliferation, but does not prevent rapid disease progression (154).    
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The goal of my work was to further elucidate the role of IL-15 regulating T cell 

and NK cell homeostasis in vivo.  We first characterized the responses of individual 

lymphocyte populations to different γc cytokines in vitro.  We then developed and 

administered an anti-IL15 Ab to mediate an IL-15 signaling blockade to healthy RM to 

assess how IL-15 controls lymphocyte homeostasis in the normal immune system.  

Subsequently, we used the anti-IL-15 Ab to understand how increased IL-15 levels 

during pathogenic SIV infection contribute to SIV pathogenesis.   
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Chapter 2 – In vitro effects of IL-15 

Contribution 

I planned and executed all experiments included in this chapter under the 

guidance of Afam Okoye and Louis Picker (Figures 2-1, 2-2, 2-3, 2-4, 2-5, 2-6, 2-7, 2-8, 

2-9, 2-10, 2-11).  Stan Shiigi and Nate Whizin often aided in cell sort-purification by 

operating the ARIA II.    
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Abstract 

IL-15 is a pleiotropic cytokine with diverse functions on many cell types, but its 

non-redundant role regulating lymphocyte homeostasis in vivo has not yet been fully 

characterized.  Because of the complex nature of IL-15, we used in vitro studies to 

understand the effect of IL-15 versus IL-7 on RM lymphocyte phenotypes.  We observed 

that IL-15 is able to induce phosphorylation of STAT5 in NK cells and T cell subsets.  

Interestingly, the majority of NK cells were only able to phosyphorylate STAT5 in 

response to IL-15 but not IL-7 ex vivo.  In contrast, all T cells subsets could be signaled 

to induce phosphorylation of STAT5 by both IL-15 and IL-7, but responsiveness to IL-15 

versus IL-7 varied with T cell differentiation status.  TN and TCM populations were 

highly responsive to IL-7, but only slightly responsive to IL-15.  TEM and TTM 

populations, on the other hand, were very responsive to IL-15 but only a small percent 

were responsive to IL-7.  The ability to be signaled by γc cytokines likely underlies the 

varying dependence of each lymphocyte population’s reliance on distinct γc cytokines in 

vivo.  Additionally, we observed that IL-15 could drive the in vitro proliferation of TEM 

and the differentiation of TCM to TEM.  Our in vitro studies suggest that IL-15 supports 

effector cell populations through survival, proliferation, and differentiation.  
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Introduction 

IL-15 is a γc cytokine that is involved in the homeostasis and activation of many 

cell types throughout the body, including memory T cells and NK cells (61-71).  To 

mediate signals, IL-15 binds to its hetero-trimeric receptor composed of IL-15Rα, IL-

2/15Rβ, and γc (65, 74-77).  Binding the receptor initiates a signal cascade whereby 

JAK3 phosphorylation induces STAT5 phosphorylation, which causes STAT5 

translocation to the nucleus and binding to specific DNA sequences (78).  Via STAT5 

activation, IL-15 favors pro-survival signals by up-regulating anti-apoptotic proteins such 

as Bcl-2 and downregulating pro-apoptotic proteins such as Bim in T cells and NK cells 

(53, 79-83).  Because γc cytokines share common receptors, some of their biologic 

functions are overlapping and redundant, which has made it difficult to clarify the 

specific, non-redundant role of each γc cytokine in vivo.   

A non-redundant role for IL-15 in lymphocyte homeostasis was demonstrated in 

IL-15/Rα-/- KO mice, which had reduced immune cell numbers and function.  These 

mice had no NK cells and reduced numbers of CD8 T cells and activated CD8 memory T 

cells.  Additionally, IL-15Rα-/- KO mice had smaller lymph nodes with less cells due to 

defective lymphocyte homing and reduced proliferation (99).  Likewise, IL-15-/- KO 

mice also had practically no NK cells and reduced numbers of NK T cells, and CD8 T 

memory cells (101).  Both of these KO studies in mice demonstrated that without IL-15 

mediated signals, NK cells were practically absent and no NK cell function could be 

observed, indicating that NK cells require IL-15 for development and function.  The 

reduced number of memory CD8 T cells in the periphery but normal CD8 T cell numbers 
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in the thymus of IL-15 pathway KO mice suggested that IL-15 controls proliferation 

and/or survival of these cells, but not their development (100, 101).  Later studies 

investigating the role of IL-15 by administering doses of exogenous IL-15 to RM in vivo 

indicated that the role of IL-15 regulating lymphocyte homeostasis is highly conserved 

throughout mammalian species.  IL-15 caused an increase in NK cell and T cell 

proliferation and absolute numbers over the course of treatment (114-116).  TEM 

populations demonstrated the highest increase in proliferation and absolute numbers, with 

TCM exhibiting lower increases in Ki-67 expression and absolute numbers.  More 

recently, studies that administered anti-IL-15 Ab to humans showed that IL-15 plays a 

role in T cell homeostasis but showed no effect on NK cell populations (130). 

These previous studies clearly demonstrate a role for IL-15 in lymphocyte 

homeostasis, but the exact role that IL-15 plays maintaining each lymphocyte population 

in vivo has not been described in RM.  To understand the complex nature of IL-15 in 

vivo, we first started our studies with in vitro experiments to understand how IL-15 

signals each population and perhaps find underlying mechanisms of IL-15 mediated 

homeostasis in vivo.   
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Materials and Methods 

Flow Cytometric Analysis 

Polychromatic (8-12 parameter) flow cytometric analysis was performed on an LSR II 

instrument (BD) using Pacific Blue, AmCyan, FITC, PE, PE-Texas red, PE-Cy7, PerCP-

Cy5.5, allophycocyanin (APC), APC-Cy7, and AlexaFlour 700 as the available 

fluorescent parameters.  Instrument set up and data acquisition procedures were 

performed as previously described (155).  List mode multiparameter data files were 

analyzed using FlowJo software.  Criteria for delineating cell subsets: TN (live small 

lymphocytes, CD3+, CD28mid, CD95low, CCR7+, CCR5-); TCM (live small 

lymphocytes, CD3+, CD28high, CD95high, CCR7+, CCR5-); TTM (live small 

lymphocytes, CD3+ CD28high, CD95high, CCR7- and or CCR5+); TEM (live small 

lymphocytes, CD3+, CD28-, CD95high, CCR7-); NK cells (live small lymphocytes, 

CD3-, CD20-, CD8bright, NKG2a+, CD14-); monocytes (live large cells, CD14+, CD3-).  

 

Antibodies 

CD3 (SP34-2 BD Pharmingen), CD4 (L200 BD Pharmingen), CD8 (SKI BD 

Pharmingen, eBiosciences, BDIS), CD28 (CD28.2 Beckman Coulter, BD Pharmingen), 

CD95 (DX2 BD Pharmingen, eBiosciences), CCR5 (3A9 BD Pharmingen), CCR7 

(15053 RandD Sysyems), Ki-67 (B56 BD Pharmingen), SA (BD Pharmingen), 

CD56 (MEM-188 Invitrogen), CD16 (3G8 BD Pharmingen, Biolegend), NKG2A (Z199 

Beckman Coulter), NKp46 (195314 RandD Systems), CD14 (M5E2 BD Pharmingen, 
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RandD Systems), HLA-DR (TU36 Invitrogen, Immu357 Beckman Coulter), STAT5 

(47/Stat5(pY6) BD Pharmingen),  

 

Reagents 

R10 media (RPMI (HyClone), 10% Fetal Bovine Serum (FBS), 100units/mL Penicillin  

10mg/mL Streptomycin (PenStrep) (Sigma), 200µM L-glutamine (Sigma))  

1X PAB (DPBS w 0.1% BSA and sodium azide) 

Cytokines – rIL-15, rIL-7, rIL-21, rIL-2 were all generous gifts from Francois Villinger, 

TNFa (RandD Systems), IL-6 (RandD Systems), IL-8 (RandD Systems) 

pIL-15 pIL-15-IL15Ra supernatants were generous gifts from George Pavlokis. 

 

Peripheral blood mononuclear cell (PBMC) isolation from whole blood 

Whole blood was collected in ACD tubes (BD).  Whole blood was spun down for 15 

minutes at 1800rpm to separate plasma.  Plasma was collected and modified Hanks 

buffered saline solution (HBSS) (HyClone) was added back to the blood to a total volume 

of no more than 30mL and mixed well.  14mL Ficoll was layered under the blood and 

tubes were spun at 3000rpm for 20 minutes.  PBMCs were removed from the buffy coat 

with a transfer pipette and placed in a new 50mL conical (no more than 15mL).  Cells 

were then washed with 35mL HBSS and spun for 15 minutes at 1800rpm.  For cell 

sorting, cells were then re-suspended in 5mL 1X ACK Lysing Buffer (Biossource 

International) for less than 5 minutes, and 45mL HBSS was then added to stop lysis.  
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Cells were spun for 8 minutes at 1800rpm.  Cells were then washed 1X in R10 and re-

suspended in fresh R10.   

 

Sort Purification of Cells 

Whole blood was collected in ACD vacutainers and lymphocytes were isolated by 

density gradient separation as described above.  Live lymphocytes were stained 

extracellularly in R10, on ice in the dark for 30 minutes.  After incubation, cells were 

washed 1X with cold R10 and spun at 1500rpm for 10 minutes at 4˚C.  Cells were 

resuspended in cold R10 and kept on ice prior to sort and after purification.  Cells were 

sorted using an ARIA II (BD).   

 

Cellular Staining 

Whole blood (150ul) was added to polystyrene flow tubes.  For staining previously 

isolated tissue lymphocytes, 1x106 cells were added to polystyrene flow tubes and 

washed 1X with IX PAB.  Extracellular antibodies were added to appropriate tubes and 

tubes were lightly vortexed and incubated in the dark for 30 minutes.   In the case that 

biotin was used, the appropriate SA conjugated antibody was added and incubated for an 

additional 20 minutes.  After incubation, 1mL lyse solution (BD) was added and tubes 

were vortexed, and incubated at room temperature in the dark for 10 minutes.  After 10 

minutes, 3mL 1X PAB was added to each tube and tubes spun 5min at1800rpm.  

Supernatant was decanted and 0.5mL 2X Perm buffer (BD) was added to each tube, 

vortexed and incubated 10 minutes at room temperature in the dark.  Following 
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incubation, cells were washed with 3mL 1X PAB, spun and decanted.  Cells were permed 

one additional time then washed twice with 3mL 1X PAB.  Extracellular antibodies were 

added and tubes were incubated at room temperature in the dark for 45 minutes.  Cells 

were then washed with 3mL 1X PAB and were subsequently collected on an LSR II. 

 

PhosFlow 

Whole blood (100µL) was added to polystyrene flow tubes.  Extracellular antibody stains 

were added and incubated in the dark at RT for 30 minutes.  During last 15 minutes of 

surface stain, cytokine was spiked in (0-32ng/mL (final concentration) diluted in 2µL 1X 

PBS) to blood.  Samples were incubated for 15 minutes at 37˚C.  After 15 minutes, add 

2mL 1X BD PhosFLow Lyse/Fix (BD) diluted in water.  Mix well and incubate 5min at 

RT.  After incubation, spin tubes for 5 minutes at 1800rpm.  Discard supernatant and 

wash cells 1X with 2mL 1XPBS.  Mix well and spin tubes for 5 minutes at 1800rpm.  

Decant supernatant.  Add 1mL ice-cold 1X BD PhosFlow perm buffer IV (BD) diluted in 

PBS.  Mix well and incubate exactly 5min at RT.  After 5 minutes add 3mL 1XPAB and 

spin tubes 5 minutes at 1800rpm.  Decant supernatant and wash 1X with 1X PAB.  Add 

intracellular antibody and incubate 45 minutes at RT in the dark.  Wash 1X with 1X 

PAB.  Run on LSRII. 

 

Proliferation and Differentiation Cultures 

PBMCs from whole blood were sort purified based on phenotype.  Purified cells were 

plated in a 48-well plate in 1mL R10 at a cell density of 150,000 to 300,000 cells per mL.  



 

 24 

Cytokine and antibodies were spiked into the culture at the concentration described, and 

cultures were gently mixed.  Cells were then placed in culture at 37˚C for two weeks.  At 

day 7, the culture was resuspended and half the culture (0.5mL) was removed for 

phenotype analysis by flow cytometry.  An equal amount of fresh R10 was added back to 

the remaining culture, which was placed back at 37˚C for the remaining 7 days.  At day 

14, the entire culture was resuspended and taken for phenotype analysis.   

 

Luminex  

Plasma cytokine concentrations (excluding IL-7) were measured using the Cytokine 

Monkey Magnetic 29-Plex Panel Kit (Life Technologies) according to the manufacturers’ 

instructions.  This panel allowed for the quantitative determination of EGF, Eotaxin, 

FGF-basic, G-CSF, GM-CSF, HGF, IFN-γ, IL-1B, IL-1Ra, IL-2, IL-4, IL-6, IL-8, IL-10, 

IL-12, IL-15, IL-17, IP-10, I-TAC, MCP-1, MDC, MIF, MIG, MIP-1a, MIP-1b, 

RANTES, TNF-a, and VEGF.  Briefly, previously collected plasma was thawed on ice.  

Once thawed, plasma was spun for 10 minutes at 10,000g at 4˚C.  Plasma and standards 

were incubated with provided beads overnight at 4˚C.  After incubation, detection 

antibody was added and incubated for 1 hour and subsequently washed.  Streptavidin-

RPE was added next and incubated for 30 minutes at RT.  Finally, beads were washed 

and resuspended in wash buffer for acquisition using a Luminex 200 machine.  Data was 

analyzed using MasterPlex QT and MasterPlex CT Software. 
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Results 

It was our first goal to determine the responsiveness of RM T cell subsets and NK 

cell subsets to IL-15 versus IL-7.  As the γc cytokines IL-15 and IL-7 signal via the Jak3-

Stat5 cascade, we used phosflow to assay for STAT5 phosphorylation as an indicator of 

the immediate early cell signaling by IL-15 and IL-7 (78).  In the first experiment, we 

stimulated whole blood ex vivo with increasing concentrations of IL-15 and IL-7 and then 

stained for cell phenotypic markers and intracellular phospho-STAT5.  We observed that 

soluble IL-15 is capable of signaling NK cells and TM as well as TN cell subsets.  NK, 

TEM and TTM cells were found to be highly responsive to IL-15, with over 80% of cells 

from these populations inducing STAT5 phosphorylation in response to 8ng/mL IL-15 

(Figure 2-1, 2-2).  Although less responsive than NK cells, TEM and TTM cell 

populations, TCM and TN cells were reactive to IL-15, with at least half of these 

populations’ cells inducing STAT5 phosphorylation after IL-15 stimulation.  In contrast 

to their high responsiveness to IL-15, most NK cell subsets did not respond at all to 

stimulation with IL-7.  Only the CD56+ CD16- NK cells were able to respond to high 

concentrations of IL-7 by phosphorylating STAT5.  Whereas TCM, TTM, and TN were 

highly reactive to IL-7, TEM were relatively unresponsive to IL-7, with only 

approximately 20% of CD8 TEM and 40% of CD4 TEM inducing STAT5 

phosphorylation after IL-7 stimulation.  Taken together, NK cell, TEM cell, and TTM 

cell populations are most responsive to IL-15, whereas TCM and TN cell populations are 

more responsive to IL-7.  Although TN and TM subsets can respond to both IL-15 and 

IL-7 to varying degrees, NK cells show little responsiveness to IL-7.   
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Clearly, IL-15 and IL-7 have differing abilities to signal distinct lymphocyte 

populations.  In an effort to understand how IL-15 and IL-7 signaling affects downstream 

gene changes in the distinct T cell populations, we cultured sort-purified cells with 

cytokines and monitored cells for proliferation and phenotypic changes.  When CD4 and 

CD8 TEM populations were cultured with IL-15 they were induced to proliferate, but not 

when they were cultured with IL-7 (Figure 2-3).  When TCM and TN populations were 

cultured with IL-15 they had very little response, but were induced to proliferate at 

extremely low levels.  In response to IL-7, TCM and TN also proliferated at low levels 

(Figure 2-4, 2-5).   

Because we showed that IL-15 does induce STAT5 phosphorylation in TN and 

TCM, we hypothesized that IL-15 may require additional signals to induce phenotypic 

changes in TN and TCM.  To that end, we next cultured sort-purified TN and TCM with 

IL-15 and purified CD14+ monocytes (91, 92).  In this context, IL-15 induced high levels 

of proliferation and differentiation as measured by increased Ki-67 levels and a change in 

phenotype losing CD28 expression and CCR7 expression and gaining CCR5 expression 

of both TN and TCM populations (Figures 2-4A,B, 2-5).   Monocytes also moderately 

enhanced proliferation of TN and TCM cultured with IL-7, though not nearly to the same 

extent as IL-15.  Our results suggest that in some circumstances IL-15 is able to drive 

differentiation of T cells to an effector phenotype (156).  We next sought to further 

characterize how monocytes were augmenting proliferation and differentiation of CD4 

TN and TCM to TEM.   
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In vivo, IL-15 is capable of signaling via transpresentation, which was shown can 

be mediated by monocytes (88, 91).  To determine whether IL-15 was being trans-

presented to CD4 TCM by monocytes in our system, we cultured sort-purified CD14+ 

monocytes with IL-15 for two days.  The cell-free supernatant of monocytes cultured 

with IL-15 was incubated with sort-purified CD4 TCM.  This cell-free supernatant 

induced CD4 TCM to proliferate and differentiate to CD4 TEM, though less robustly 

than when CD4 TCM and monocytes were cultured in direct contact, indicating that IL-

15 transpresentation by monocytes was not required in our system (Figure 2-6).  It is 

possible, however, that IL-15 trans-presentation by monocytes augments the observed 

proliferation and differentiation of CD4 TCM to TEM, thus explaining the less robust 

induction of phenotypic changes caused by the cell-free supernatant of monocytes 

incubated with IL-15.  Notably, differentiation induced by the cell-free supernatant from 

monocytes incubated with IL-15 could be specifically blocked by antibodies against IL-

15.  This suggested that IL-15 does in fact directly interact with CD4 TCM to induce the 

observed proliferation and differentiation.   

To further confirm that cell contact was not necessary for the observed CD4 TCM 

proliferation and differentiation to TEM, we cultured monocytes with IL-15 together in 

one compartment of a transwell and cultured the purified CD4 TCM in a separate 

compartment of the transwell.  Although the membrane of the transwell allowed passage 

of media and small molecules such as IL-15, cells were too large to pass through the 

membrane, thereby keeping the monocytes and CD4 TCM out of direct contact.  Again, 

we observed that monocytes and IL-15 cultured in the same well but separate from the 
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CD4 TCM was sufficient to induce some CD4 TCM proliferation and differentiation to 

TEM (Figure 2-7).    

We next hypothesized that monocytes could be secreting/cleaving a complex of 

IL-15/IL-15Rα in response to IL-15 and that this complex was inducing CD4 TCM 

differentiation to TEM.  To test this hypothesis, George Pavlakis, through collaboration, 

kindly sent us transfection supernatant containing pIL-15/IL-15Rα, as confirmed by 

bioassay and western blot analysis (data not shown).  The complex of pIL-15/IL-15Rα 

did not induce proliferation and differentiation of CD4 TCM to TEM (Figure 2-8).  This 

data, taken together, suggests that IL-15 is inducing monocytes to produce a factor or 

factors that, along with IL-15, directly induce CD4 TCM proliferation and differentiation 

to TEM.  

To identify factors that monocytes produce in response to IL-15, we cultured sort-

purified monocytes with IL-15 for two days.  After two days, the supernatant was 

analyzed by luminex for a panel of rhesus, immune-modulating cytokines.  In response to 

IL-15, the monocytes of three separate rhesus monkeys produced extremely high levels 

of IL-8 and IL-6 (Figure 2-9).  Other cytokines released, although to a lesser extent 

included TNFα, MCP-1 and MIP1α.  A review of the literature showed that IL-15 

together with TNFα and IL-6 could induce proliferation and differentiation of CD4 TCM 

to TEM in vitro (110).  As both IL-6 and TNFα were factors that rhesus monocytes had 

produced in response to IL-15 in vitro, we tested whether TNFα and IL-6 along with IL-

15 could induce CD4 TCM to TEM proliferation and differentiation in our system.  

Indeed, culture of CD4 TCM with IL-15, TNFα, and IL-6 induced proliferation and some 
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differentiation of CD4 TCM to TEM, though the effect did not recapitulate the entire 

effect of CD4 TCM cultured with IL-15 and monocytes (Figure 2-10).  To test the 

possibility that another factor besides TNFα and IL-6 may be involved in the monocyte-

induced proliferation of CD4 TCM in the presence of IL-15, we tested IL-8 as it was up-

regulated in monocyte-IL-15 supernatant.  It was found, however, that IL-8 did not 

induce any additional proliferation or differentiation of CD4 TCM cultured with TNFα, 

IL-6, and IL-15 (Figure 2-11).   
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Results – Chapter 2 Figures – In Vitro Effects of IL-15 
 
 

 
 

 
 
 
Figure 2-1 – IL-15 signals both CD4 and CD8 T cell populations via STAT5 
phosphorylation – Shown in A are histograms of T cell populations’ induction of phospho-
STAT5 in response to 8ng/mL IL-15 (red) or 8ng/mL IL-7 (blue) from a representative RM.  B. 
Mean T cell population dose response curves to increasing concentrations (0, 0.5, 1, 2, 4, 8, 16, 
32ng/mL) of IL-15 (red) or IL-7 (blue), N=14.  WB was stimulated ex vivo with IL-15 or IL-7 
and then stained for T cell phenotype markers (CD3, CD4, CD8, CD28, CD95, CCR7, CCR5) 
and phosph-STAT5 and analyzed by flow cytometry.   
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Figure 2-2 – IL-15 signals NK cell populations via STAT5 phosphorylation – Shown in A are 
histograms of NK cell subsets induction of phospho-STAT5 in response to 16ng/mL IL-15 (red) 
or 16ng/mL IL-7 (blue) from a representative RM.  (B) Mean NK cell population dose response 
curves to increasing concentrations (0, 0.5, 1, 2, 4, 8, 16, 32ng/mL) of IL-15 (red) or IL-7 (blue), 
N=8.  WB was stimulated ex vivo with IL-15 or IL-7 and then stained for cell phenotype markers 
(NKG2A, CD8, CD16, CD56) and phosph-STAT5 and analyzed by flow cytometry.   
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Figure 2-3 – TEM proliferate when cultured with IL-15 but not IL-7 in vitro – Shown is the 
proliferative response of sort-purified CD4 and CD8 TEM that were cultured in R10 with 
50ng/mL IL-15 or IL-7 for 7 days.  Cultures were then stained for CD3, CD4, CD8, CD28, 
CD95, CCR7, CCR5 and Ki-67 expression and analyzed via flow cytometry.  Shown are dot 
plots of a representative RM, demonstrative of eight separate experiments.    
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Figure 2-4 – CD4 and CD8 TCM cultured with IL-15 and monocytes are induced to 
proliferate and differentiate to TEM – Sort-purified CD4 TCM or CD8 TCM were cultured 
alone or with sort-purified CD14+ monocytes and 50ng/mL IL-15 or IL-7 for 14 days.   At days 7 
and 14, cells were stained for CD28, Ki-67, CCR7 and CCR5 expression and analyzed by flow 
cytometry. A. Representative dot plots of RM CD4 TCM response to 50ng/mL IL-15 or IL-7. B. 
Mean CD4 TCM (N=19) and CD8 TCM (N=11) percent increase in Ki-67 expression when 
cultured with monocytes and 50ng/mL IL-15 as compared to culture with monocytes alone.  
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Figure 2-5 – CD4 TN cultured with IL-15 and monocytes are induced to proliferate and 
differentiate to TEM – Sort-purified CD4 TN were cultured alone or with sort-purified CD14+ 
monocytes along with 50ng/mL IL-15 or IL-7 for 14 days.   At day 7 and day 14, cultured cells 
were stained for CD28, Ki-67, CCR7, and CCR5 and analyzed by flow cytometry.  Shown are 
dots plot from a representative RM of four separate experiments. 
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Figure 2-6 – The cell-free supernatant of monocytes cultured with IL-15 induces 
proliferation and differentiation of CD4 TCM to TEM – Sort-purified CD14+ monocytes 
were cultured in R10 with or without IL-15 for 2 days.  The cell-free supernatant from these 
cultures was then incubated with sort-purified CD4 TCM either with anti-IL-15 Ab (ng/mL) or an 
IgG1 isotype control Ab (ng/mL).  At day 7, cultures were stained for CD28, Ki-67, CCR7, and 
CCR5 expression and analyzed via flow cytometry.  Shown are dot plots from a single RM, 
representative of six separate experiments. 
 
 

                
 
Figure 2-7 – Monocytes and IL-15 in the separate well of a transwell can induce CD4 TCM 
proliferation and differentiation to CD4 TEM – Sort purified CD4 TCM were cultured in 
bottom of transwell while CD14+ monocytes were placed with 50ng/mL rIL-15 in the top of 
transwell.  At day 7, cultures were stained for CD28, Ki-67, CCR7, and CCR5 expression and 
analyzed via flow cytometry.  Shown are dot plots from a single RM, representative of five 
separate experiments. 
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Figure 2-8 – Complexes of IL15-IL15Rα  do not induce TCM proliferation and 
differentiation to TEM – Sort purified CD4 TCM were cultured in vitro with 50ng/mL rIL-15 or 
supernatant containing IL15-IL15Rα complexes for two weeks, with or without CD14+ 
monocytes.  At day 7, cultures were stained for CD28, Ki-67, CCR7, and CCR5 and analyzed via 
flow cytometry.  Shown are dot plots from a single RM, representative of three separate 
experiments. 
 

 
 
Figure 2-9 – Monocytes secrete IL-8 and IL-6 when cultured with IL-15 in vitro – Graphs 
show soluble cytokine concentrations (pg/mL) secreted by monocytes cultured in R10 alone 
(Mon Sup) or in R10 supplemented with IL-15 (Mon IL15 Sup) for each RM. Sort-purified 
CD14+ monocytes from 3 healthy RM were cultured in vitro with or without 50ng/mL IL-15 for 
2 days.  At day 2, supernatant was collected and analyzed for cytokines via luminex.   
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Figure 2-10 – CD4 TCM cultured with IL-15, TNFα , and IL-6 proliferate and show some 
differentiation to CD4 TEM – Sort-purified CD4 TCM were cultured in vitro with combinations 
of IL-15, IL-6, and TNFα, all at 50ng/mL.  At day 7, cultures were stained for CD28, Ki-67, 
CCR7 and CCR5 and analyzed by flow cytometry.  Shown are dot plots from one RM, 
representative of eight separate experiments. 
 
 
 

     
 
 
Figure 2-11 – IL-8 does not substantially increase proliferation and differentiation of CD4 
TCM when cultured together with IL-15, TNFα ,  and IL-6 – Sort purified CD4 TCM were 
cultured with combinations of cytokines IL-15, TNFα, IL-6, and IL-8 at 50ng/mL.  At day 7, 
cells were stained for CD28, Ki-67, CCR7 and CCR5 and analyzed by flow cytometry.  Shown 
are dot plots from one RM, representative of five separate experiments. 
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Discussion 

Because of the many complex and variable functions of IL-15 in vivo, we began 

our studies with in vitro experiments, first describing the cell signaling capabilities of the 

homeostatic cytokines IL-15 compared to IL-7.  We observed that IL-15 and IL-7 have 

differing abilities to signal distinct RM lymphocyte populations via γc-mediated JAK3-

STAT5 phosphorylation.  Interestingly, whereas nearly all NK cells responded to 

exogenous doses of IL-15 by inducing STAT5 phosphorylation, most NK cell subsets did 

not induce STAT5 phosphorylation in response to doses of IL-7.  Only the CD16- CD56+ 

NK cells were able to respond to high concentrations of IL-7 by phosphorylating STAT5.  

Our in vitro data, therefore, suggested that rhesus NK cells were also reliant on IL-15 

mediated signaling in vivo, similar to mice.  Indeed, our experiments administering anti-

IL-15 Ab to RM (Chapter 3) resulted in nearly complete NK cell depletion as did a 

similar experiments in cynomolgous and rhesus macaques (130).  These data suggest that 

RM NK cell reliance on IL-15 is a result of only being able to be signaled by IL-15 and 

not another homeostatic γc cytokine such as IL-7.  Supporting this, we found that the 

CD16- CD56+ NK cell subset, which was the only subset responsive to IL-7, was the 

least depleted NK cell subset following antibody-mediated IL-15-signal blockade, 

suggesting that this population may receive homeostatic signals from IL-7 in the absence 

of IL-15.   

We next focused on the ability of IL-15 and IL-7 to signal distinct T cell subsets.  

We observed that both IL-15 and IL-7 were able to signal all T cell subsets via STAT5 

phosphorylation, though to varying degrees.  Although there were slight differences in 
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the abilities of IL-15 and IL-7 to signal CD4 versus CD8 T cells, overall both CD4 and 

CD8 T cells exhibited similar patterns of STAT5 phosphorylation in response to doses of 

IL-15 and IL-7.  The similar in vitro response of CD4 and CD8 T cells to IL-15 supports 

the accumulating data that IL-15 is imperative not only to CD8 T cell homeostasis, but 

also to CD4 T cell homeostasis as well (25, 32, 60, 110).   

Regardless of CD4 or CD8 expression, IL-15 and IL-7 had differing abilities to 

induce phosphorylation of STAT5 in memory versus naïve T cells.  Whereas effector 

memory phenotype subsets TEM and TTM were highly responsive to IL-15, TEM and 

TTM subsets were considerably less responsive to IL-7.  This in vitro data potentially 

suggested that in vivo TEM and TTM populations were regulated primarily by IL-15 and 

to a lesser extent by IL-7.  In contrast, TN and TCM subsets demonstrated a distinct 

phenotype, being highly responsive to IL-7 but only slightly responsive to IL-15.  The 

result that TN and TCM cell subsets were more sensitive to IL-7 supports abundant data 

in the literature, which show that TN and TCM subsets’ homeostatsis are primarily 

regulated by IL-7 in vivo (in addition to MHC interactions in the case of TN) (57-59, 157, 

158).  However, the observation that TN and TCM are able to induce STAT5 

phosphorylation in response to IL-15, suggested that IL-15 was potentially involved in 

the regulation of these T cell subsets as well.  Thus, overall our data predict that both IL-

15 and IL-7 share regulation of TM homeostasis, though to varying degrees depending on 

the differentiation status of the TM subset.  

To understand how IL-15- and IL-7-induced STAT5 phosphorylation affected 

downstream changes in different T cell subsets, we next cultured sort-purified T cell 
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populations in vitro with either IL-15 or IL-7.  Notably, we observed that IL-15 induced 

the proliferation and differentiation of both TN and TCM to TEM in vitro when cultured 

with monocytes.  In contrast, culture of either TN or TCM with IL-7 and monocytes led 

to only modest enhancement of T cell proliferation.  Thus, IL-15 may regulate the 

homeostasis of TN and TCM populations by driving their differentiation to effector 

phenotype cells.  Although not generally ascribed as a main function of IL-15, the ability 

of IL-15 to drive differentiation of effector memory T cells has been previously reported 

in the literature (25, 110).  

Our in vitro data suggest that RM IL-15 is involved in the homeostasis of NK 

cells and both CD4 and CD8 T cells.  Furthermore, our data predict that T cell 

dependence on IL-15 varies with the differentiation status of the T cell population.  The 

phosphorylation and in vitro culture data indicate that IL-15 is a cytokine that primarily 

supports effector phenotype T cell populations’ homeostasis and differentiation.  To 

assess the extent to which TM subsets and NK cells are dependent on IL-15, in the next 

chapter we will explore the role of IL-15 in vivo by administering an anti-IL-15 antibody 

to maintain an IL-15-signal blockade.   
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Chapter 3 – Anti-IL-15 Ab administration to healthy RM 

Contribution 

Details and timing of antibody administration, tissue collection, necropsy and 

experiments of the primary groups of rhesus monkeys belonging to Picker cohorts 193 

and 194 (N=15) were managed and planned by myself under guidance of Afam Okoye 

and Louis Picker.  I performed and analyzed experiments described in Figures 3-1, 3-2, 

3-3, 3-5, 3-6, 3-7, 3-9, 3-10, 3-11, and 3-17.  During RM necropsy, Picker lab technicians 

assisted in tissue processing and cell isolation, to expedite time-sensitive experiments.  

Stan Shiigi often aided in cell sort-purification by operating the ARIA II.  RM were cared 

for by Oregon National Primate Research Center (ONPRC) department of animal 

resources (DAR) technicians and staff.  All surgical procedures including antibody 

dosing, necropsy, and harvesting of tissues were performed by veterinarians and/or 

veterinary assistants from Michael Axthelm’s laboratory or ONPRC DAR.  Additionally, 

three experimental procedures were performed by outside collaborators with tissues and 

cells collected from Picker cohorts 193 and 194.  Immunostaining experiments were 

performed by Jake Estes with tissues fixed at necropsy (Figures 3-4, 3-8, 3-13, 3-14).  

Microarray analysis was performed by Rafick Sekaly with sort-purified PBMCs frozen in 

RLT buffer (Figure 3-15 and 3-16).  Detection of CMV DNA was performed at VGTI 

virology core by Don Seiss with liver sections flash frozen at necropsy (Figure 3-18).  A 

separate cohort of RM (Picker cohort 265, N=11) was administered anti-IL-15 Ab or IgG 

control Ab and then dosed with exogenous IL-7 (Figure 3-12).  This study was managed 

by Afam Okoye, and all experiments were performed by his team in Louis Picker’s lab.    
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Abstract 

Preliminary in vitro studies indicated that the γc cytokine IL-15 supports the 

production, proliferation, and survival of effector-phenotype lymphocyte populations in 

RM; however, the non-redundant functions of IL-15 in vivo have not been fully 

characterized.  To understand the role of IL-15 supporting lymphocyte homeostasis, we 

administered a rhesusized anti-IL-15 antibody (N=15) or an IgG1 control antibody 

(N=10) to healthy rhesus macaques biweekly, for a total of three doses given over six 

weeks.  The anti-IL-15 Ab neutralized IL-15 mediated signaling via STAT5 

phosphorylation, leading to near complete depletion of NK cells in the blood and tissues 

of RM compared to control treated animals.  Additionally, anti-IL-15 Ab treatment led to 

an initial decline of CD4 and CD8 TEM absolute numbers, but this decline was countered 

by the onset of TEM homeostatic proliferation, potentially induced by an increased 

sensitivity to IL-7 in the absence of IL-15 mediated signaling.  Although, the TEM 

homeostatic proliferative burst was associated with stabilization of absolute numbers in 

WB, TEM levels in the colon remained depleted and tissue expression of active caspase-3 

was increased following anti-IL-15 Ab compared to IgG control Ab treatment.  

Moreover, microarray revealed that TEM expression profiles were dysregulated, with a 

signature indicating they were pre-apoptotic and turning over at an increased rate.  Our 

studies thus reveal that IL-15 is necessary to maintain normal RM NK cell and effector 

memory T cell homeostasis in vivo.         
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Introduction 

IL-15 is a γc cytokine that is involved in the homeostasis and activation of many 

cell types throughout the body, including memory T cells, NK cells, invariant NKT cells, 

intestinal intraepithelial lymphocytes (IELs), activated B cells, dendritic cells (DCs), 

macrophage, mast cells, and neutrophils (61-71).  γc cytokines are a group of type I 

cytokines that share not only common structural features but also a common receptor, the 

γc (43-49).  γc cytokine specificity and affinity is mediated by private receptors for each 

cytokine, designated their α-chains.  To mediate signals, IL-15 binds to its heterotrimeric 

receptor composed of IL-15Rα, IL-2/15Rβ, and γc (65, 74-77).  Binding the receptor 

initiates a signal cascade whereby JAK3 phosphorylation induces STAT5 

phosphorylation, which causes STAT5 translocation to the nucleus and binding to 

specific DNA sequences (78).  Via STAT5 activation, IL-15 favors pro-survival signals 

by up-regulating anti-apoptotic proteins such as Bcl-2 and downregulating pro-apoptotic 

proteins such as Bim in T cells and NK cells (53, 79-83).  Because γc cytokines share 

common receptors, some of their biologic functions are overlapping and redundant, 

which has made it difficult to clarify the specific, non-redundant role of each γc cytokine 

in vivo.   

A non-redundant role for IL-15 in lymphocyte homeostasis was demonstrated in 

IL-15/Rα-/- KO mice, which had reduced immune cell numbers and function.  These 

mice had no NK cells and reduced numbers of CD8 T cells, activated CD8 memory T 

cells, NK T cells, γδ T cells, and IELs.  Additionally, IL-15Rα-/- KO mice had smaller 

lymph nodes with less cells due to defective lymphocyte homing and reduced 
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proliferation (99).  Likewise, IL-15-/- KO mice also had practically no NK cells and 

reduced numbers of NK T cells, CD8 T memory cells, and IELs (101).  Both of these KO 

studies in mice demonstrated that without IL-15 mediated signals, NK cells were 

practically absent and no NK cell function could be observed, indicating that NK cells 

require IL-15 for development and function.  The reduced number of memory CD8 T 

cells in the periphery but normal CD8 T cell numbers in the thymus of IL-15 pathway 

KO mice suggested that IL-15 controls proliferation and/or survival of these cells, but not 

their development (100, 101).  Further studies indicated that during the contraction phase 

of a T cell response and the transition of effector to memory T cells, the absence of IL-15 

signaling resulted in a much more drastic contraction phase and a much higher death rate 

of effector T cells (103, 104, 106, 107).   

 Later studies investigating the role of IL-15 by administering doses of exogenous 

IL-15 to RM in vivo indicated that the role of IL-15 regulating lymphocyte homeostasis is 

highly conserved throughout mammalian species.  After IL-15 administration to RM, 

investigators observed a brief lymphopenia followed by lymphocytosis.  IL-15 caused an 

increase in NK cell proliferation and absolute numbers over the course of treatment (114-

116).  T lymphocytes were also significantly affected by IL-15 administration, which 

caused an increase in CD4 and CD8 TM proliferation and absolute numbers.  TEM 

populations demonstrated the highest increase in proliferation and absolute numbers, with 

TCM exhibiting lower increases in Ki-67 expression and absolute numbers.  

Additionally, CD8 T cells were more reactive to IL-15 than CD4 T cell counterparts (25, 

114-116).  IL-15 has been shown to induce cell migration causing a redistribution of 
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long-lived cells from circulation to tissues (25, 115).  Alternatively, overstimulation with 

IL-15 and spikes of exogenous IL-15 were associated with increased cell death (114, 

117).  IL-15 treatment also increased the production of long-lived antigen specific CD4 

and CD8 T cells (118, 119, 129).  A more recent study found that anti-IL-15 Ab 

administration to cynomolgous macaques cause a depletion of NK cells and T cells, 

indicating RM lymphocyte regulation may be similar (130).  Surprisingly, studies have 

shown that humans administered anti-IL-15 Ab had no NK cell depletion, but only T cell 

depletion (130, 131).   

 In our preliminary in vitro experiments described in Chapter 2, we observed that 

IL-15 is able to induce phosphorylation of STAT5 in NK cells and CD4 and CD8 T cell 

subsets.  The majority of NK cells were only able to phosyphorylate STAT5 in response 

to IL-15 but not IL-7 ex vivo.  In contrast, all T cells subsets could be signaled to induce 

phosphorylation of STAT5 by both IL-15 and IL-7, but responsiveness to IL-15 versus 

IL-7 varied with T cell differentiation status.  Additionally, we observed that IL-15 could 

drive the in vitro proliferation of TEM and the differentiation of TCM to TEM.  Our in 

vitro studies thus suggested that IL-15 supports effector cell populations through survival, 

proliferation, and differentiation.  However, the complex mechanisms of IL-15 mediated 

homeostasis have not been fully elucidated.  The goal of this chapter was to characterize 

the role of IL-15 regulating RM lymphocyte homeostasis in vivo.  We developed and 

administered an anti-IL-15 Ab to mediate an IL-15 signaling blockade to healthy RM to 

assess how IL-15 controls NK cell and T cell homeostasis in the normal immune system.     
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Materials and Methods 

Flow Cytometric Analysis 

Polychromatic (8-12 parameter) flow cytometric analysis was performed on an LSR II 

instrument (BD) using Pacific Blue, AmCyan, FITC, PE, PE-Texas red, PE-Cy7, PerCP-

Cy5.5, allophycocyanin (APC), APC-Cy7, and AlexaFlour 700 as the available 

fluorescent parameters.  Instrument set up and data acquisition procedures were 

performed as previously described (155).  List mode multiparameter data files were 

analyzed using FlowJo software.  Criteria for delineating lymphocyte cell subsets: TN 

(live small lymphocytes, CD3+, CD28mid, CD95low, CCR7+, CCR5-); TCM (live small 

lymphocytes, CD3+, CD28high, CD95high, CCR7+, CCR5-); TTM (live small 

lymphocytes, CD3+ CD28high, CD95high, CCR7- and or CCR5+); TEM (live small 

lymphocytes, CD3+, CD28-, CD95high, CCR7-); Treg (CD3+, CD4+, CD25+, 

CD127mid); NK cells (live small lymphocytes, CD3-, CD20-, CD8bright, NKG2a+, 

CD14-), B cells (live small lymphocytes, CD3-, CD20+); monocytes (live large cells, 

CD14+, CD3-). 

 

Antibodies 

CD3 (SP34-2 BD Pharmingen), CD4 (L200 BD Pharmingen), CD8 (SKI BD 

Pharmingen, eBiosciences, BDIS), CD28 (CD28.2 Beckman Coulter, BD Pharmingen), 

CD95 (DX2 BD Pharmingen, eBiosciences), CCR5 (3A9 BD Pharmingen), CCR7 

(15053 RandD Sysyems), Ki-67 (B56 BD Pharmingen), SA (BD Pharmingen), 

CD20 (L27 BDIS), CD27 (M-T271 BD Pharmingen), IgD (Southern Biotech), 
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Gd (5A6.E9 Invitrogen), PD1 (J105, eBisociences), B7 (FIB504, BD Pharmingen), CD56 

(MEM-188 Invitrogen), CD16 (3G8 BD Pharmingen, Biolegend), NKG2A (Z199 

Beckman Coulter), NKp46 (195314 RandD Systems), CD14 (M5E2 BD Pharmingen, 

RandD Systems), CD127 (hIL-7R-M21 BD Pharmingen), CD169 (7-239 Biolegend), 

HLA-DR (TU36 Invitrogen, Immu357 Beckman Coulter), CD23 (9P25 Beckman 

Coulter), CD25 (2A3 BD Pharmingen), CD69 (FN50 BD Pharmingen), 

 STAT5 (47/Stat5(pY6) BD Pharmingen), BrdU (B44 BD Pharmingen). 

 

Reagents 

R10 media (RPMI (HyClone), 10% Fetal Bovine Serum (FBS), 100units/mL Penicillin, 

10mg/mL Streptomycin (PenStrep) (Sigma), 200µM L-glutamine (Sigma))  

R3 media (RPMI, 3% FBS, 100units/mL-10mg/mL PenStrep, 200µM L-glutamine)  

IEL media (HBSS (Hyclone), 5% Bovine Growth Serum (BGS), 25mM HEPES buffer 

(Sigma), 100 IU/ml PenStrep, 2mM L-glutamine) 

1X PAB (DPBS w 0.1% BSA and sodium azide) 

 

Animals 

Indian-origin RM (Macaca mulatta) were used in this study.  Twenty-five healthy, adult 

(approximately ages 8-12) RM both male and female were used: 15 were administered 

anti-IL-15 Ab and 10 were administered IgG1 control Ab.  Antibody doses were 

administered once every two weeks, 1X at 20mg/kg and 2X at 10mg/kg.  BrdU doses 

were administered at 30mg/kg 3X within 24hrs at day 28-35 post antibody 
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administration.  IL-7 doses were administered subcutaneously at 30µg/kg on days 35 and 

42 post anti-IL-15 Ab or IgG1 control Ab dosing.  All RM were housed at the Oregon 

National Primate Research Center according to standards of the Animal Care and Use 

Committee and the NIH Guide for the Care and Use of Laboratory Animals. 

 

PBMC Isolation from whole blood 

Whole blood was collected in ACD tubes.  Whole blood was spun down for 15 minutes 

at 1800rpm to separate plasma.  Plasma was collected and HBSS was added back to the 

blood to a total volume of no more than 30mL and mixed well.  14mL Ficoll was layered 

under the blood and tubes were spun at 3000rpm for 20 minutes.  PBMCs were removed 

from the buffy coat with a transfer pipette and placed in a new 50mL conical (no more 

than 15mL).  Cells were then washed with 35mL HBSS and spun for 15 minutes at 

1800rpm.  For cell sorting, cells were then re-suspended in 5mL 1X ACK Lysing Buffer 

(Biosource International) for less than 5 minutes, and 45mL HBSS was then added to 

stop lysis.  Cells were spun for 8 minutes at 1800rpm.  Cells were then washed 1X in R10 

and re-suspended in fresh R10.   

 

Lymphocyte isolation from bone marrow, tonsils, and lymph nodes 

At necropsy, tissues were placed in a 50mL conical filled with approximately 25mL R10.  

For processing bone marrow, R10 and bone marrow material was simply resuspended 

using a 10mL pipette and filtered through a 70µm filter.  Cells were washed with R10, 

spun and resuspended in R10 for counting.   
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Tonsils and lymph nodes were processed by placing each in a petri dish containing a 

metal screen and approximately 10mL R10.  A glass pestule was then used to crush the 

tissue against the screen, releasing the lymphocytes into the media.  Using a transfer 

pipette, the media containing the cells was then filtered through a 70µm filter into a 

50mL conical.  Collected cells were washed with R10, centrifuged 8 minutes at 1800rpm 

and the supernatant was aspirated.  Cells were resuspended in fresh R10 for counting. 

   

Lymphocyte isolation from spleen 

Approximately a quarter-sized piece of spleen was placed in a petri dish on a metal 

screen in about 10mL of R10.  Using forceps and a scalpel, the spleen was minced, and 

subsequently mashed on the screen using a glass pestule to release the lymphocytes into 

the media.  Using a transfer pipette, the cells and R10 were then transferred from the petri 

dish and filtered with 70µm screen into a 50mL conical.  The spleen and petri dish were 

washed with R10 additional times to maximize cell collection.  Although multiple 

collection conicals were used, no more than 30mL of R10/cells was added to each 50mL 

conical.  R10 was added to 30mL of any conical that had less than 30mL.  14mL Ficoll 

was then layered under the R10/cell mixture and tubes were spun at 3000rpm for 20 

minutes.  Lymphocytes were removed from the buffy coat with a transfer pipette and 

placed in a new 50mL conical (no more than 15mL).  Cells were then washed with 35mL 

HBSS and spun for 15 minutes at 1800rpm.  Cells were then washed 1X in R10 and re-

suspended in fresh R10.   
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Lymphocyte isolation from gut, lung, and vaginal mucosa 

At necropsy, small pieces of tissue were cleaned of debris and placed in a 50mL conical 

containing 30mL of IEL media.  Once in IEL, tissue was cut into smaller pieces using 

scissors.  The tissues were then agitated at 4˚C for 30 minutes on a shaker.  After 

incubation, samples were spun at 1800rpm for 10min and supernatants were aspirated off.  

Tissue chunks were re-suspended in 45mL R10 and tubes were inverted to mix.  Samples 

were again spun at 1800rpm for 10 minutes and the supernatant was aspirated off.  

Tissues pieces were washed once more with 45mL R10.  After this second wash, tissue 

was placed into a 600mL container filled with 200mL R3 media containing DNAse and 

Collagenase.  Samples were then incubated on a shaker for 45-60 minutes at RT.  After 

incubation, R3 containing tissue was run through a 70µm filter into four 50mL conicals.  

R10 was added to conicals to 50mL and inverted to mix.  Tubes were then centrifuged at 

1800rpm for 15 minutes and the supernatant was aspirated off.  Cell pellets were then 

washed with 45mL R10, centrifuged at 1800rpm for 10 minutes and the supernatant was 

again aspirated.  Lymphocytes were finally resuspended in 10mL R10 for counting.  

 

Lymphocyte isolation from liver and kidney –  

At necropsy, approximately 80g of liver was collected, scored and placed in 200mL of 

R3 media containing DNAse and Collagenase.  The container with liver was agitated at 

37˚C for one hour.  After incubation, the liver sections were filtered from the R3 medium 

using 70µm filters into four 50mL conical tubes.  The conicals containing R3 and cells 

were centrifuged at 1800rpm for 15 minutes and the supernatant was aspirated off.  The 
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cell pellets were resuspended in 20mL of R10 and 50uL DNAse was added to each tube 

and mixed by inversion.  Subsequently, 12mL 35% Percol was underlaid, followed by 

6mL of 60% Percol.  Tubes were then centrifuged at 1000g for 20 minutes with low 

brake.  After separation, the buffy coat and percol were removed with a transfer pipette 

and placed into a new 50mL conical.  R10 was added to 50mL and tubes were 

centrifuged at 1800rpm for 20 minutes.  The supernatant was then aspirated and cells 

were washed with 50mL R10.  Samples were spun at 1800rpm for 8 minutes and the 

supernatant was aspirated.  The cell pellets of each tube were then resuspended together 

in 10mL R10 media for counting. 

      

Sort Purification of Cells 

Whole blood was collected in ACD vacutainers and lymphocytes were isolated by 

density gradient separation as described above.  Live lymphocytes were stained 

extracellularly in R10, on ice in the dark for 30 minutes.  After incubation, cells were 

washed 1X with cold R10 and spun at 1500rpm for 10 minutes at 4˚C.  Cells were then 

resuspended in cold R10 and kept on ice prior to sort and after sort purification.  Cells 

were sorted using an ARIA II (BD).   

 

Cellular Staining 

Whole blood (150ul) was added to polystyrene flow tubes.  For staining previously 

isolated tissue lymphocytes, 1x106 cells were added to polystyrene flow tubes and 

washed 1X with IX PAB.  Extracellular antibodies were added to appropriate tubes and 
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tubes were lightly vortexed and incubated in the dark for 30 minutes.   In the case that 

biotin was used, the appropriate SA conjugated antibody was added and incubated for an 

additional 20 minutes.  After incubation, 1mL lyse solution (BD) was added and tubes 

were vortexed and incubated at room temperature in the dark for 10 minutes.  After 10 

minutes, 3mL 1X PAB was added to each tube and tubes spun 5 minutes at1800rpm.  

Supernatant was decanted and 0.5mL 2X Perm buffer (BD) was added to each tube, 

vortexed and incubated 10 minutes at room temperature in the dark.  Following 

incubation, cells were washed with 3mL 1X PAB, spun and the supernatant was 

decanted.  Cells were permed one additional time then washed twice with 3mL 1X PAB.  

Extracellular antibodies were added and tubes were incubated at room temperature in the 

dark for 45 minutes.  Cells were then washed with 3mL 1X PAB and were subsequently 

collected on an LSR II. 

 

PhosFlow 

Whole blood (100µL) was added to polystyrene flow tubes.  Extracellular antibody stains 

were added and incubated in the dark at room temperature for 30 minutes.  During last 15 

minutes of surface stain, cytokine was spiked in (0-3.2ng diluted in 2µL 1X PBS) to 

blood.  Samples were then incubated for 15 minutes at 37˚C.  After 15 minutes, 2mL 1X 

BD PhosFlow Lyse/Fix diluted in water was added to blood.  Samples were mixed well 

and incubated for 5 minutes at room temperature.  After incubation, tubes were spun for 5 

minutes at 1800rpm.  The supernatant was then discarded and cells were washed 1X with 

2mL 1X PBS.  Samples were mixed well and spun for 5 minutes at 1800rpm.  The 
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supernatant was then decanted.  To samples, 1mL ice-cold 1X BD PhosFlow perm buffer 

IV diluted in 1X PBS was then added.  Samples were mixed well and incubated for 

exactly 5 minutes at room temperature.  After 5 minutes, 3mL 1X PAB was added to 

tubes and tubes were then spun 5 minutes at 1800rpm.  The supernatant was decanted and 

samples were washed 1X with 1X PAB.  Intracellular antibody was then added to 

samples and the samples were incubated 45 minutes at room temperature in the dark.  

Cells were washed 1X with 1X PAB.  Samples were subsequently run on LSRII. 

 

Intracellular Cytokine Staining (ICS) – PMBCs (1X106) were added to 5mL 

polypropylene flow tubes.  Cells were washed 1X with RI0 and resuspended in 0.5mL 

R10.  Peptides were added at desired concentrations along with costimulatory antibodies 

CD28pure and CD49dpure in 0.5mL R10.  Samples were then incubated for 1 hour at 

37˚C.  After 1 hour, 1µL Brefeldin A (Biolegend) was added to each tube.  Samples were 

then placed back at 37˚C for 8 hours.  After 8 hours, samples were moved to 4˚C until 

staining.  After incubation, ICS samples are stained normally as described above. 

 

Cell Preparation for Microarray 

Cell populations were sort purified based on phenotype and included CD8 TEM, CD4 

TCM, and monoyctes.  Sorted cells were collected in R10.  Once purified, cells were 

spun down and supernatant was decanted.  The cells were then resuspended in 1ml RLT 

buffer + 2BMe (Sigma) and placed immediately at -80˚C.  Cells were then shipped to 

VGTI Florida for RNA isolation and microarray analysis. 
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CD4 TCM response to IL-7 during SIV infection – For cellular expression profiles, no 

less than 10,000 purified cells were resuspended in 1mL RLT buffer for RNA extraction 

and subsequent microarray analysis.  Four cell types were purified by cell sorting: CD4 

central memory T cells (CD4 TCM), CD8 TCM, CD4 T Naïve cells, and CD8 T effector 

memory cells (CD8 TEM).  In 84 of the samples, CD4 TCM were incubated in R10 or 

R10 supplemented with 5ng or 50ng IL-7 for 0, 3, and 18 hours.  In 77 of the samples, 

CD8 TCM were incubated in R10 or R10 supplemented with 5ng or 50ng IL-7 for 0, 3, 

and 18 hours.  After the indicated time, the cells were washed with 1XPBS and 

resuspended in 350µL RLT buffer + 2BMe.   The 46 additional samples are the single 

population purified cells resuspended in 1ml RLT buffer + 2BMe. 

 

BrdU 

Rhesus monkeys were administered BrdU 30mg/kg three times within 24 hours.  Tissues 

were collected and processed for lymphocyte isolation.  Cells were stained with 

extracellular antibodies and fixed and permeabilized as described above.  Immediately 

after the final wash, Dnase was added to tubes.  Following Dnase addition, intracellular 

antibodies including anti-BrdU were added and incubated as described above. 

 

Microarray analysis 

RNA was isolated using RNeasy Micro Kits (Qiagen), and the quantity and quality of the 

RNA was confirmed using a NanoDrop 2000c (Thermo Fisher Scientific) and an 

Experion Electrophoresis System. Samples (50 ng) were amplified using Illumina 



 

 55 

TotalPrep RNA amplification kits (Ambion). The microarray analysis was conducted 

using 750 ng of biotinylated complementary RNA hybridized to HumanHT-12_V4 

BeadChips (Illumina) at 58 °C for 20 h. The arrays were scanned using Illumina's iSCAN 

and quantified using Genome Studio (Illumina). The analysis of the GenomeStudio 

output data was conducted using the R and Bioconductor software packages. Quantile 

normalization was applied, followed by a log2 transformation. The LIMMA package was 

used to fit a linear model to each probe and perform (moderated) t tests or F tests on the 

groups being compared. To control the expected proportions of false positives, the FDR 

for each unadjusted P value was calculated using the Benjamini and Hochberg method 

implemented in LIMMA. Multidimensional scaling was used as a dimensionality 

reduction method in R to generate plots for the evaluation of similarities or dissimilarities 

between datasets. Ingenuity Pathway Analysis software (IPA, Ingenuity Systems) was 

used to annotate genes and rank canonical pathways. An immune response gene filter, 

constructed from innate and adaptive immune response gene queries of Gene Ontology 

(http://www.geneontology.org/), T cell activation and complement pathway genes from 

IPA and our own IFN- and inflammasome-response gene lists, was used where noted to 

reduce datasets for visualization before FDR estimation.  

 

IL-7 ELISA  

Plasma IL-7 was measured using the Quantikine HS Human IL-7 kit (RandD Systems) 

according to manufacturer’s protocol.  Briefly, previously collected plasma was thawed 

on ice.  Once thawed, plasma was spun for 10 minutes at 10,000g at 4˚C.  Plasma and 
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standards were incubated in the provided ELISA plate overnight at RT.  After overnight 

incubation, wells were washed and IL-7 conjugate was added to each well.  After 

incubation, wells were washed again and Substrate solution was added.  Finally amplifier 

solution was added to each well followed by stop solution.  Optical density was 

determined within 20 minutes using a microplate reader set to 490nm with wavelength 

correction set to 650nm.   

 

Luminex  

Plasma cytokine concentrations (excluding IL-7) were measured using the Cytokine 

Monkey Magnetic 29-Plex Panel Kit (Life Technologies) according to the manufacturer’s 

instructions.  This panel allowed for the quantitative determination of EGF, Eotaxin, 

FGF-basic, G-CSF, GM-CSF, HGF, IFN-γ, IL-1B, IL-1Ra, IL-2, IL-4, IL-6, IL-8, IL-10, 

IL-12, IL-15, IL-17, IP-10, I-TAC, MCP-1, MDC, MIF, MIG, MIP-1a, MIP-1b, 

RANTES, TNF-a, and VEGF.  Briefly, previously collected plasma was thawed on ice.  

Once thawed, plasma was spun for 10 minutes at 10,000g at 4˚C.  Sample plasma and 

standards were incubated with provided beads overnight at 4˚C.  After incubation, 

detection antibody was added and incubated for 1 hour and the beads were subsequently 

washed.  Streptavidin-RPE was added next and incubated for 30 minutes at room 

temperature.  Finally, beads were washed and resuspended in wash buffer for acquisition 

using a Luminex 200 machine.  Data was analyzed using MasterPlex QT and MasterPlex 

CT Software. 
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Immunohistochemistry and Quantitative Image Analysis  

Immunohistochemistry was performed using a biotin-free polymer approach (Golden 

Bridge International, Inc.) on 5-µm tissue sections mounted on glass slides, which were 

dewaxed and rehydrated with double-distilled H2O. Heat induced epitope retrieval 

(HIER) was performed by heating sections in 0.01% citraconic anhydride containing 

0.05% Tween-20 or 0.1M Tris-HCL pH 8.6 in a pressure cooker (Decloaking Chamber 

model DC2002; Biocare Medical) set at 122-125°C for 30 s. Slides were incubated with 

blocking buffer (TBS with 0.05% Tween-20 and 0.5% casein) for 10min. Slides were 

incubated with rabbit monoclonal anti-active caspase-3 (clone: 5A1E; Cell Signaling 

Technology), rabbit monoclonal anti-CD3 (clone: SP7; Thermo Scientific) or rabbit 

monoclonal anti-Phospho-Stat5 (Tyr694) (Clone: C11C5; Cell Signaling Technology) 

diluted in blocking buffer over night at 4oC. Slides were washed in 1X TBS with 0.05% 

Tween-20, endogenous peroxidases blocked using 1.5% (v/v) H2O2 in TBS (pH 7.4) for 

10min, incubated with Rabbit Polink-2 HRP (Golden Bridge International, Inc.) 

according to manufacturer’s recommendations and developed with Impact™ DAB (3,3′-

diaminobenzidine; Vector Laboratories). Slides were washed in ddH2O, counterstained 

with hematoxylin, mounted in Permount (Fisher Scientific), and scanned at high 

magnification (x200) using the ScanScope CS System (Aperio Technologies) yielding 

high-resolution data from the entire tissue section. Representative regions of interest 

(ROIs; 500 um2) were identified and high-resolution images extracted from these whole-

tissue scans. The percent area of the lymph nodes or lamina propria that stained for active 
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caspase-3, CD3+ T cells or Phospho-Stat5 were quantified using Photoshop CS5 and 

Fovea tools. 
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Results 

Anti-IL15 specifically blocks IL-15 signaling via STAT5 phosphorylation 

Our in vitro data suggested that IL-15 plays a considerable role in the homeostatic 

maintenance of NK cells and T cells in RM, but the exact function of IL-15 in vivo 

remains to be fully elucidated.  Past studies in RM have used the addition of 

pharmacological levels of exogenous IL-15, which may or may not produce effects in 

vivo that reflect physiologic function.  We therefore took an alternate approach and 

sought to knockdown IL-15 signaling in an effort to clarify the function of IL-15 in vivo.  

For that purpose, we developed an anti-IL-15 antibody for RM with the collaboration of 

Keith Reimann.  The mouse, anti-human IL-15 clone, M111, which is cross reactive to 

rhesus IL-15, was “rhesusized” to make the antibody suitable for multiple administrations 

to RM.  Similar to humanizing antibodies, rhesusizing the antibody entailed changing out 

mouse amino acid sequences for rhesus amino acid sequences in antibody constant 

regions and variable binding surfaces via cloning, without altering antibody affinity or 

specificity.  We then administered three doses of either the anti-IL15 Ab or an IgG1 

control antibody to healthy, adult rhesus macaques, once every two weeks (Figure 3-1).   

We were unable to detect soluble IL-15 via luminex and ELISA in the plasma of 

most healthy rhesus macaques assayed, even prior to anti-IL-15 Ab administration 

because soluble IL-15 levels in plasma from these RM were very close to the limit of 

detection.  Alternatively, to assess whether the anti-IL-15 antibody was blocking IL-15 

mediated signals, phosflow analysis of STAT5 was used.  At various timepoints after RM 

antibody dosing, we took blood samples and stimulated them ex vivo with increasing 
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concentrations of exogenous IL-15 and looked at changes in the induction of STAT5 

phosphorylation in T cells.  At baseline, there were no differences in the dose response 

curves of CD4 and CD8 TM to IL-15 between antibody treated groups.  However, by day 

1 post-treatment, CD4 TM and CD8 TM in WB from animals administered anti-IL15 Ab 

exhibited a decreased ability to induce STAT5 phosphorylation in response to exogenous 

IL-15 compared to control animals (Figure 3-2A).  This block of CD4 and CD8 TM IL-

15-mediated STAT5 phosphorylation persisted through day 14 after a single dose of anti-

IL-15 Ab.  Administering subsequent doses of anti-IL-15 Ab every two weeks 

maintained an IL-15 signal blockade throughout antibody treatment (Figure 3-2A).  We 

estimated the half maximal effective concentration (EC50) from the IL-15 dose response 

curves of CD4 TM and CD8 TM for each rhesus at a given time point after anti-IL-15 

dosing.  Animals treated with anti-IL-15 Ab showed a statistically significant increase in 

CD4 and CD8 TM EC50 to IL-15 compared to IgG1 Ab treated RM.   

To examine changes in the ability of specific T cell populations to respond to IL-

15 and IL-7 over the course of antibody treatment, we graphed the change in the ability 

of a particular T cell population to respond to a single dose of cytokine, the minimal dose 

that elicited a maximal response in our dose response curves in vitro.  Indeed, the 

response of all T cell populations to 8ng IL-15 was significantly diminished after anti-IL-

15 Ab treatment compared to controls (Figure 3-2B).  Interestingly, the percent of CD4 

and CD8 TEM able to respond to 4ng IL-7, which is the minimal dose for a maximal 

response in the IL-7 dose response curves, was overall significantly increased in anti-IL-

15 treated animals compared to controls (Figure 3-3).  The percent of CD4 and CD8 TN, 
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TCM and TTM able to respond to 4ng IL-7 over the course of anti-IL15 treatment 

remained unchanged compared to control treated subjects.  This data indicates that as 

anti-IL-15 Ab treatment inhibits the responsiveness of T cells to IL-15, the percent of 

TEM that are able to respond to IL-7 increases. 

 To further confirm a specific IL-15-signal blockade and determine the extent to 

which tissues were affected as well, we collaborated with Jake Estes to evaluate the 

tissues of anti-IL-15 Ab versus IgG1 control Ab treated RM via phospho-STAT5 

immunostaining.  It was observed that overall phospho-STAT5 staining was significantly 

reduced in lymph nodes (LN) from anti-IL-15 Ab treated RM compared to controls 

(Figure 3-4).  The reduction of phospho-STAT5 in tissues after anti-IL-15 Ab treatment 

suggests that the antibody is effectively working to inhibit IL-15 mediated signals in vivo.  

A complete inhibition of STAT5 phosphorylation in tissues was not expected as other 

factors including IL-7 and IL-2, which are not blocked by the anti-IL-15 Ab, also signal 

via STAT5.  These results combined with the phosflow data together suggest that anti-IL-

15 administration was able to block IL-15-mediated signals in the peripheral blood and 

this effect extended into the tissues as well.     

 

Anti-IL-15 administration results in near complete NK cell depletion 

 Once we confirmed that the anti-IL-15 Ab was effectively blocking IL-15-

mediated signaling in vivo, we next sought to analyze the effect this had on lymphocyte 

populations throughout the body.  Strikingly, NK cells were almost completely depleted 

after anti-IL15 Ab treatment in vivo.  NK cell depletion was not observed at day 1 post-
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treatment, but by day 7 total NK cell numbers dropped to approximately 10% of baseline 

levels, and were maximally depleted by two to three weeks after initiation of treatment 

(Figure 3-5).  Although all NK cell subsets showed significant levels of depletion, NK 

cell populations depleted to different extents.  The most abundant population of NK cells 

in the peripheral blood is the CD16+ CD56- cytotoxic effector NK cell population and it 

was depleted to the greatest extent, being over 95% depleted.  The CD16- CD56- NK 

cells were depleted to about 25% of baseline levels, and the CD16- CD56+ NK cell 

populations were reduced to around 40% of baseline levels.  This data supports previous 

data in mice that show NK cells are reliant on IL-15 in vivo for maintenance and 

function.  Reliance on IL-15 does, however, vary among NK cell populations.   

 We observed significant depletion of NK cells in the peripheral blood over the 

course of anti-IL-15 Ab treatment, but we wanted to find the extent to which the antibody 

was penetrating tissues and depleting NK cells throughout the body.  To answer this 

question, lymphocytes were isolated from the tissues of anti-IL-15 Ab and IgG1 control 

Ab treated RM at necropsy and stained to determine NK cellularity throughout the tissue.  

It was found that the percentage of NK cells of tissue lymphocytes was significantly 

reduced in all tissues examined from anti-IL-15 Ab treated RM (Fig 3-6A, B).  This data 

along with the WB data shows that the anti-IL-15 antibody regimen was sufficient to 

significantly deplete NK cells throughout the entire body.   
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T Cell Dynamics 

 We next looked at the effects of anti-IL15 Ab on T cell homeostasis when 

administered to healthy rhesus monkeys.  In response to anti-IL15 Ab treatment, CD4 

and CD8 TEM populations in the peripheral blood were initially depleted to 

approximately 30-40% of baseline levels at day 14 compared to control treated animals 

(Figure 3-7).  However, beginning around day 21, CD4 and CD8 TEM in the WB 

exhibited a significant increase in Ki-67 expression.  TEM induction of Ki-67 after anti-

IL-15 Ab treatment was highly unexpected because TEM induce Ki-67 expression in 

response to IL-15 administration.  Notably, this proliferative burst of CD4 TEM and CD8 

TEM was associated with a stabilization of absolute cell numbers with slow recovery 

towards pre-treatment levels by day 35 (Figure 3-7).  TEM proliferation was also 

observed in BAL, with CD4 and CD8 populations significantly increasing their Ki-67 

levels after anti-IL-15 Ab treatment compared to controls (Figure 3-8).  Although no 

depletion of absolute numbers was observed for transitional phenotype cells, both CD4 

and CD8 TTM populations demonstrated a significant increase in Ki-67 expression that 

was only slightly attenuated compared to the proliferative burst of TEM populations 

(Figure 3-7).  TEM were also depleted in tissues of RM following anti-IL-15 Ab 

compared to IgG Ab treatment as shown by a significant reduction of CD3+ T cells in the 

colon lamina propria in RM via immunostaining (Figure 3-9).  This indicates that 

although the homeostatic response normalized TEM blood counts, it did not completely 

replenish the tissue TEM compartment.  There were no observed changes to either the 
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absolute numbers or Ki-67 expression of CD4 and CD8 TN and TCM populations after 

anti-IL-15 Ab treatment.   

To understand where in the body TEM were proliferating in response to anti-IL-

15 treatment, at the approximate peak of TEM proliferation (days 28-35) rhesus monkeys 

were dosed three times with BrdU within 24 hours prior to being necropsied.  Tissues 

were harvested and lymphocytes were isolated and analyzed for BrdU incorporation.  As 

BrdU is incorporated into actively proliferating cells, our technique of dosing with BrdU 

followed by immediate necropsy allowed us to detect cells that proliferated within the 

previous 24hrs.  This offered a more accurate indication of the location of TEM 

proliferation than Ki-67 expression, which can be maintained for several days following 

cell proliferation during which time cell migration may occur (24).  We observed a 

significant increase in BrdU incorporation of TEM most notably in the liver, lungs, and 

kidneys of anti-IL-15 Ab treated rhesus monkeys compared to controls (Figure 3-10).  

Although there are extremely limited numbers of TEM phenotype cells in lymph nodes, 

the few TEM that were observed displayed significantly increased BrdU incorporation in 

anti-IL-15 Ab treated RM compared to control treated animals.  We did not observe 

increased TEM BrdU incorporation in mucosal tissues such as the BAL, colon, ileum, 

jejunum or vaginal mucosa after anti-IL-15 Ab dosing compared to controls.  Taken all 

together, it seems that TEM proliferation is widespread, excluding mucosal tissues.   
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TEM proliferation is not driven FC receptor binding  

 We considered the possibility that TEM proliferation was indirectly being driven 

by anti-IL-15-immune complexes binding Fc receptors and represented an artifact of 

antibody dosing.  To test this possibility, two animals were dosed with anti-IL-15 LALA 

antibody, which is the same rhesusized clone M111 that bears a two amino acid mutation 

at the Fc receptor-binding site rendering the site inactive.  Animals dosed with the Fc-

receptor binding site mutated antibody displayed similar phenotypes to anti-IL15 Ab 

treated animals compared to controls for all parameters assayed including IL-15 signal 

blockade, NK cell depletion and T cell dynamics.  The anti-IL15 LALA Ab dosed 

animals were therefore grouped as anti-IL15 Ab treated monkeys for all analysis. 

 

Tissues have higher caspase3 staining after anti-IL-15 antibody 

 We analyzed the tissues of anti-IL-15 Ab versus IgG1 control Ab treated RM to 

determine if there were any global changes to tissues after anti-IL-15 Ab dosing in vivo.  

The most striking change to tissues in response to anti-IL-15 Ab treatment was a 

significant increase active caspase-3 in multiple tissues.  In both the colon and LN, the 

percent of active caspase-3 in the tissues increased from approximately 1% to 4% after 

anti-IL-15 Ab compared to IgG Ab dosing of RM (Figure 3-11, 3-12).  Moreover, the 

increased active caspase-3 in tissues after anti-IL-15 Ab treatment was observed in areas 

where T cells are known to reside; in the colon, increased active caspase-3 was observed 

in the lamina propria, and in LN increased active caspase-3 was observed in the T cell 

zones.  An increase in markers of cell death and pre-apoptotic cells in tissues populated 



 

 66 

with TEM, combined with our data showing increased Ki-67 expression in TEM, 

together suggest that TEM are proliferating and turning over at an increased rate.  

Additionally supporting increased TEM turnover, TEM cell numbers in WB leveled off 

at approximately baseline levels, despite continued TEM proliferation, but tissues 

remained TEM depleted. 

 

Microarray reveals that TEM are turning over at an increased rate 

 We observed that after anti-IL-15 Ab administration in vivo, TEM cells were 

induced to proliferate, but analysis of tissues showed significantly increased active 

caspase-3, indicating increased cellular apoptosis.  To understand the overall effect of 

anti-IL-15 Ab treatment on CD8 TEM expression profiles, we sorted CD8 TEM from 

anti-IL-15 Ab and IgG control Ab treated RM before treatment and at the approximate 

peak of TEM proliferation, day 28.  In collaboration with Rafick Sekaly, we analyzed the 

gene expression profiles of the CD8 TEM by microarray according to the described 

bioinformatic analysis (Figure 3-13).  It was observed that, after anti-IL-15 Ab treatment, 

more CD8 TEM showed entry into cell cycle as indicated by induction of GADD45A, 

COX5a, and decreased expression of NFATC1 (Figure 3-14), matching our observations 

of increased Ki-67 staining by flow cytometry.  CD8 TEM also demonstrated an 

increased activation status following anti-IL-15 Ab administration in vivo, as 

demonstrated by the induced T cell activation genes LAT, ITK, FYN, FKBP1A, HLA-

DR, and VAV.  Notably, CD8 TEM showed decreased expression of death receptor 

signaling genes TNFRSF1A, BIRC3, TNFRSF10A, and BCL2 and an increase in genes 
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NDUFA3, CYC1, NDUFV2, and PRDX5, which are associated with mitochondrial 

dysfunction, indicating that these proliferating TEM are dysregulated and potentially pre-

apoptotic (Figure 3-14).  Again, TEM demonstrated an increase in proliferation 

associated with an increase in markers of cell death, indicating that following anti-IL-15 

Ab treatment, TEM homeostasis is dysregulated and TEM are turning over at an 

increased rate. 

 

TEM become more responsive to IL-7 after IL-15 blockade 

 Because TEM proliferation was induced only after substantial depletion of the 

population, we considered that the proliferative burst of TEM was an IL-15 independent 

homeostatic response to keep TEM levels relatively stable in the body in the absence of 

IL-15 mediated signals.  As there are several cytokines associated with T cell 

homeostasis, we thought it maybe possible that another cytokine level was changing in 

the absence of IL-15 that was taking over for IL-15 maintenance of T cells as a 

homeostatic backup and inducing TEM proliferation.  To test this hypothesis we 

measured cytokine levels in the plasma of anti-IL-15 Ab treated RM compared to IgG Ab 

treated control monkeys throughout the course of treatment by luminex analysis.  We 

found no changes in the concentrations of plasma IL-7, IL-1β, IL-2, IL-12, or TNFα after 

anti-IL-15 Ab administration (Figure 3-15).  It should be noted that we were only able to 

test plasma for a panel of known cytokines that have defined reagents.  Our data does not 

exclude the possibility that other cytokines we did not measure were changing in 

response to anti-IL-15 Ab administration. 
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Although changes in IL-7 levels were not observed in anti-IL-15 Ab treated 

animals, our data suggests that IL-7 still could be a factor involved in the TEM 

proliferative burst because an increased percentage of TEM become responsive to IL-7 

after anti-IL-15 Ab dosing (Figure 3-3).  To test the relevance of this observation in vivo, 

RM were administered anti-IL-15 Ab or an IgG control Ab every two weeks for 8 weeks 

for a total of five doses.  On days 35 and 42 post antibody treatment, all RM were 

administered doses of IL-7.  Intriguingly, after anti-IL-15 Ab dosing, CD4 and CD8 TEM 

showed a significant increase in absolute numbers in response to IL-7 compared to IgG 

control Ab treated RM (Figure 3-16).  Whereas CD8 TEM absolute numbers modestly 

increased about two fold, CD4 TEM absolute numbers were increased 100 fold after anti-

IL-15 Ab compared to IgG Ab dosing.  This data confirms that both CD4 and CD8 TEM 

responsiveness to IL-7 changes following an in vivo IL-15 signaling blockade.   

 

Other lymphocyte populations 

As IL-15 depletion has not been fully described in RM previously, we examined 

several populations of immune cells to understand the entire effect of anti-IL-15 Ab 

administration in vivo.  Absolute numbers of B cells and total B cell proliferation did not 

change over the course of antibody dosing (Fig 3-17).  Also, T regulatory cell numbers 

remained constant, as did proliferation.  Overall, as documented previously, these cell 

populations are not reliant on IL-15 mediated signals in vivo.      

 

 



 

 69 

rhCMV is not reactivated after anti-IL-15 Ab treatment 

 TEM proliferation was prominent in the livers of anti-IL-15 Ab treated rhesus 

monkeys.  It is known that rhCMV-specific TEM responses are high in livers as this a 

location of virus reactivation.  We considered that in response to NK cell and TEM 

depletion, rhCMV may be reactivating in the livers of anti-IL-15 Ab treated RM and be 

driving a TEM proliferative burst.  To assay for virus reactivation we measured viral load 

in the livers of anti-IL-15 Ab and IgG control Ab treated animals by real time PCR.  

However, no viral DNA could be detected in any of the livers assayed from either group 

of RM (Figure 3-18). 

 

 



 

 70 

 
Results – Chapter 3 Figures – Anti-IL-15 Ab administration to healthy RM 
 
 
 
 

 
      
 
Figure 3-1 – Schematic of anti-IL-15 Ab administration to healthy RM – Healthy rhesus 
monkeys were administered 3 doses of anti-IL15 Ab or IgG1 control Ab biweekly.  Animals were 
dosed one time with antibody at 20mg/kg followed by subsequent doses at 10mg/kg.  RM were 
administered 3 doses of BrdU at 30mg/kg prior to necropsy.   
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Fig 3-2 – Anti-IL-15 Ab specifically blocks IL-15 signaling via STAT5 phosphorylation - At 
various time points during antibody treatment, whole blood samples were stimulated ex vivo with 
cytokines, and cells were then stained and analyzed via flow-cytometry for T cell phenotype and 
induction of STAT5 phosphorylation.  (A) Graphs show % of CD4 TM and CD8 TM that induce 
STAT5 phosphorylation in response to increasing concentrations (0, 0.5, 1, 2, 4, 8, 16, and 32ng) 
of IL-15; Anti-IL-15, N=9 (red); IgG control, N=5 (blue). (B) Shows T cell populations’ change 
in %STAT5 phosphorylation in response to 8ng IL-15 over time.  Statistical analysis evaluated 
using repeated measures analysis of variance (rANOVA) with Tukey-Kramer adjustment to 
control for multiple comparisons. 
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Figure 3-3 – An increased percentage of CD4 and CD8 TEM become responsive to IL-7 
after anti-IL-15 Ab treatment – Post-antibody treatment, whole blood samples were taken and 
stimulated ex vivo with 4ng IL-7.  Cells were then stained for T cell phenotypic markers and 
phospho-STAT5.  Graphs show T cell populations’ % of baseline STAT5 phosphorylation in 
response to 4ng IL-7 over time.  Anti-IL-15 Ab (red, N=9), IgG control Ab (blue, N=7), * 
p<0.05.  Statistical analysis evaluated using rANOVA with Tukey-Kramer adjustment.  
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Figure 3-4 – Phospho-STAT5 is reduced in tissues after anti-IL-15 Ab treatment – Images at 
top show phospho-STAT5 (brown) immunostaining of axillary LN following anti-IL-15 Ab 
(bottom images) or IgG control Ab (top images) treatment.  Graph shows quantification of the 
number of phospho-STAT5+ cells/mm2 following anti-IL-15 Ab (red, N=7) or IgG1 control Ab 
(blue, N=4) treatment.  p values based on Mann-Whitney test. 
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Figure 3-5 – NK cell populations are depleted in WB after anti-IL-15 Ab treatment in vivo – 
Shown are indicated NK cell populations absolute counts in WB graphed as percent of baseline.  
WB was stained for NKG2α, CD16, and CD56 and analyzed by flow cytometry over the course 
of anti-IL-15 Ab (red, N=9) or IgG1 control Ab (blue, N=5) treatment.  Gray, vertical lines 
indicate day antibody was administered to RM.  Statistical analysis evaluated using rANOVA 
with Tukey-Kramer adjustment to control for multiple comparisons. 
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Figure 3-6 – NK cells are depleted in tissues after anti-IL-15 Ab treatment – At days 28-35 
post anti-IL-15 Ab or IgG1 control Ab dosing, RM were necropsied and tissues lymphocytes 
were isolated.  Collected cells were stained with NK cell phenotypic markers and analyzed by 
flow.  Shown in (A) are representative animals’ dot plots of NK cells in tissues and (B) are the 
means of NK cell percentages of total lymphocytes for each tissue from both anti-IL-15 Ab (red, 
N=9) and IgG control Ab (blue, N=5) treated groups.  
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Figure 3-7 – T cell dynamics during anti-IL-15 Ab treatment in healthy RM – Shown are 
CD4 and CD8 T cell populations absolute counts and proliferation in WB. WB was stained for T 
cell markers and Ki-67 at time points post anti-IL-15 Ab (red, N=9) or IgG1 control Ab (blue, 
N=5) administration.  Gray, vertical lines indicate the days antibody was administered to RM.  * 
p<0.05, **p<0.0001.  Statistical analysis evaluated using rANOVA with Tukey-Kramer 
adjustment to control for multiple comparisons. 
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Figure 3-8 – TEM in BAL are induced to proliferate after anti-IL-15 Ab treatment – BAL 
was collected at indicated time points post anti-IL-15 Ab (red, N=9) or IgG1 control Ab  (blue, 
N=5) administration and stained for T cell markers and Ki-67.  Graphs show percent change in 
TEM Ki-67+ cells.  Gray, vertical lines indicate days antibody was administered to RM.  
Statistical analysis evaluated using rANOVA with Tukey-Kramer adjustment to control for 
multiple comparisons. 
 
 
 
 
 
                            

  
 
 
 
Figure 3-9 – CD3+ T cells are reduced in the colon lamina propria of anti-IL-15 Ab treated 
RM – Quantification of the percent area of the colon lamina propria that is CD3+ via 
immunostaining following anti-IL-15 Ab (red, N=7) or IgG control Ab (blue, N=5) treatment of 
RM. p value based on the Mann-Whitney test. 
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Figure 3-10 – TEM proliferation induced in response to anti-IL-15 Ab treatment is 
widespread, but most notable in the liver, lung, and kidney – At days 28-35 anti-IL-15 Ab 
(red, N=7) or IgG1 control Ab (blue, N=5) treated RM were dosed with BrdU prior to necropsy.  
Tissue lymphocytes were isolated and stained for T cell markers and BrdU.  Graphs show T cell 
populations’ percent BrdU+ cells.  * p<0.05, Wilcoxon rank sum test. 
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Figure 3-11 – Active caspase-3 is increased in the colon of RM treated with anti-IL-15 Ab – 
Images show active-caspase-3 (red) immunostaining of colon following anti-IL-15 Ab (bottom 
images) or IgG control Ab (top images) treatment.  Graph shows quantification of the percent 
area of the colon that is active caspase-3 positive in anti-IL-15 Ab (red, N=6) or IgG1 control Ab 
(blue, N=5) treated RM.  p values based on Mann-Whitney test. 
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Figure 3-12 – Active caspase-3 is increased in the LN of RM treated with anti-IL-15 Ab – 
Images show active-caspase-3 (red) immunostaining of LN following anti-IL-15 Ab (bottom 
images) or IgG control Ab (top images) treatment.  Graph shows quantification of the percent 
area of the LN that is active caspase-3 positive in anti-IL-15 Ab (red, N=6) or IgG1 control Ab 
(blue, N=5) treated RM.  p values based on Mann-Whitney test. 
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Figure 3-13 – Bioinformatic Analysis Workflow – Analysis of the genome array output data 
was conducted using the R statistical language (URL http://www.R-project.org/) and 
Bioconductor, an open source project for the analysis and comprehension of high-throughput 
genomic data (Bioconductor: Open software development for computational biology and 
bioinformatics R. Gentleman, V. J. Carey, D. M. Bates, B.Bolstad, M. Dettling, S. Dudoit, B. 
Ellis, L. Gautier, Y. Ge, and others 2004, Genome Biology, Vol. 5, R80). (A) Flow chart for 
bioinformatic selection of significantly differential genes (DEG), top pathways and selected 
pathways.  Arrays displaying unusually low median intensity, low variability, or low correlation 
relative to the bulk of the arrays were discarded from the rest of the analysis. Quantile 
normalization was then applied to the remaining arrays, followed by a log2 transformation.  For 
each cell type, normalized gene expression from anti-IL15 Ab treated samples (with their pre-
treatment baseline expression subtracted) was contrasted with IgG1 control Ab treated control 
samples (with their respective pre-treatment expression removed). Only the genes that had a 
nominal p-value of 0.05 (by a Student’s t-test) and an absolute fold change of (+/-) 1.3 were 
deemed as differentially expressed between the two groups (808 genes).  (B) Selected T cell 
activation DEGs from the 808 (filter developed from Fukazawa et al., 2012) are shown in a heat 
map with gene expression shown as a gene-wise standardized expression (z score). (C) Canonical 
pathway analysis was performed with the IPA package from Ingenuity Systems.  Only the 
pathways with a p-value of 0.05, as determined by Fischer exact test, were considered significant.  
The top 50 pathways are shown with red arrows and the –log(p-values) denoting the 10 pathways 
selected that are relevant to the biology in this experiment and avoid overlapping DEGs between 
pathways.  (D) Lastly, the DEG membership of the 10 selected canonical pathways from IPA are 
shown (red = 2-fold or higher up-regulated, blue = 2-fold or higher down-regulated).  



 

 82 

 
 
 
Figure 3-14 – Transcriptomic profiling after anti-IL-15 Ab treatment reveals that CD8 
TEM are dysregulated and becoming apoptotic – Transcriptomic profiling performed on sort-
purified CD8 TEM obtained from anti-IL-15 Ab (N=6) or IgG control Ab (N=6) treated healthy 
RM.  Graph shows fold changes of gene expression in CD8 TEM from anti-IL-15 Ab as 
compared to CD8 TEM from IgG control Ab treated RM.   
 
 
 
 

 
 
 
Figure 3-15 – Plasma IL-7 concentrations do not change in response to anti-IL-15 Ab 
treatment – Plasma collected at indicated time points post anti-IL-15 Ab (red, N=5) or IgG1 
control Ab (blue, N=5) treatment was analyzed via ELISPOT for IL-7 and via luminex for IL-1B, 
IL2, IL-12, and TNFα.  Graphs show percent of baseline concentration for each cytokine. 
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Figure 3-16 – IL-7 dosing increases the absolute numbers of CD4 and CD8 TEM in anti-IL-
15 Ab treated RM – Graphs show peak change (day 14 post IL-7 dosing) in absolute counts of 
TCM (top) and TEM (bottom) in response to IL-7 dosing.  RMs were administered anti-IL-15 Ab 
(red, N=6) or IgG1 control Ab (blue, N=5) biweekly for 8 weeks for a total of 5 doses.  On day 
35 and day 42 post anti-IL-15 Ab treatment, both groups of RM were administered doses of IL-7 
subcutaneously.  WB was analyzed for T cell markers over the course of treatment.  * p<0.05, 
Wilcoxon rank sum test. 
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Figure 3-17 – B cell and Treg populations are not changed after anti-IL-15 Ab 
administration – Graphs show B Cell and Treg absolute counts and proliferation in WB 
following anti-IL-15 Ab (red, N=7); IgG1 control Ab (blue, N=4).  treatment.  WB was stained 
for CD20 (B Cells), CD127 and CD25 (Tregs) and analyzed via flow cytometry.  Gray vertical 
lines indicate days antibody was administered to RM.  P=NS (Not Significant) - Statistical 
analysis evaluated using rANOVA with Tukey-Kramer adjustment to control for multiple 
comparisons. 
 
 
 
 

                                  
 
Figure 3-18 – rhCMV DNA was not detected in the livers of anti-IL-15 Ab treated RM - 
RNA isolated from the livers of anti-IL-15 Ab or IgG1 control Ab was analyzed via real-time 
qPCR for rhCMV viral DNA. 
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Discussion 

To characterize the role of IL-15 in vivo, we used the approach of administering a 

rhesusized anti-IL-15 Ab to healthy RM to understand how an IL-15 signal blockade 

would affect lymphocyte homeostasis in a healthy immune system.  Similar to previous 

studies in humans and rhesus macaques, anti-IL-15 antibody treatment was well tolerated 

by all RM, with no adverse side effects observed after multiple dosing (130, 131).  

Moreover, in vivo anti-IL-15 Ab administration to RM effectively neutralized IL-15 

signaling, causing a significant decrease in STAT5 phosphorylation in tissues as was 

verified by phosflow and immunostaining assays.  Thus, our studies support the use of 

anti-IL-15 Ab in vivo in RM, where it may have parallels to dosing in humans.    

Anti-IL-15 Ab administration to healthy RM caused a significant depletion of NK 

cells in the WB and tissues of RM, which persisted over the course of antibody treatment.  

Our data confirms in rhesus macaques what previous studies have shown in other species; 

IL-15 mediated signaling is mandatory for NK cell generation and maintenance in vivo 

(99, 101, 122, 123, 130).  Although all RM NK cell subsets were dependent on IL-15, the 

CD16+ CD56- NK cell population was most reliant on IL-15 mediated signaling, an 

observation made in a previous macaque study (114).  Notably, we found that the CD16- 

CD56+ NK cell subset, which was the only subset responsive to IL-7, was the least 

depleted NK cell subset, suggesting that this population may receive homeostatic signals 

from IL-7 in the absence of IL-15.  The ability of anti-IL15 Ab to practically eliminate 

NK cells throughout the peripheral blood and tissues of RM make it a valuable tool to test 

the various roles of NK cell function in health and disease.         
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Anti-IL-15 Ab treatment of healthy rhesus macaques revealed several aspects of 

TM homeostasis.  Our in vitro data showed that IL-15 can drive the proliferation and 

differentiation of TN and TCM to TEM, an observation which has been reported in the 

literature (25, 110).  Thus, in the absence of IL-15 mediated signaling, we may have 

expected an increase in TN or TCM absolute numbers as fewer of these cells were 

induced to differentiate to TEM.  However, our data administering anti-IL-15 Ab to RM 

showed no change to TN or TCM absolute numbers or Ki-67 expression in WB over the 

course of treatment.  Thus, TN and TCM differentiation to TEM may be an in vitro 

artifact caused by physiologically irrelevant high doses of cytokine.  We did observe an 

initial decline in TEM absolute numbers following anti-IL-15 Ab treatment, which may 

in part be due to decreased production of TEM from recently differentiated TN and TCM.  

It is therefore possible that IL-15 is inducing some TEM differentiation from TN and 

TCM in vivo.  It is more likely, however, the decline in TEM absolute numbers is caused 

by decreased viability of TEM.   

Interestingly, anti-IL-15 Ab treatment of healthy rhesus macaques revealed a 

unique facet of TEM homeostasis.  In the absence of IL-15 signaling, TEM numbers 

initially declined to approximately 30-40% of baseline levels.  Strikingly, after two weeks 

of anti-IL-15 Ab dosing, TEM exhibited a burst of proliferation that corresponded with 

an increase in cell absolute numbers back to pre-treatment levels in WB.  Our data 

suggest that TEM proliferation represents a homeostatic response to declining absolute 

numbers rather than the anti-IL-15 Ab exhibiting an activating role in vivo.  Previous 

studies have reported that although some antibodies against γc cytokines displayed 
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blocking effects in vitro, the same antibodies became activating in vivo and amplified 

cytokine mediated signaling (159-164).  Notably, in cases where an antibody against a γc 

cytokine demonstrated in vivo cytokine signal amplification, all observed in vivo effects 

were activating with no blocking effects.  Our anti-IL-15 Ab, in contrast, showed 

blocking effects in vivo, such as decreased phospho-STAT5 levels, NK cell depletion, 

and T cell depletion, thus confirming our anti-IL-15 Ab caused an IL-15 signal blockade 

in vivo.  We also considered that T cells maybe indirectly induced to proliferate in 

response to anti-IL-15 Ab forming immune complexes that stimulate Fc receptors.  To 

test this possibility we administered the same anti-IL-15 Ab with a mutated Fc receptor-

binding site and observed this had no effect on antibody mediated IL-15 signal blockade, 

T cell or NK cell dynamics.  We thus concluded that the TEM proliferation observed two 

weeks following anti-IL-15 Ab treatment was not an artifact of the antibody dosing itself, 

but rather indicated a separate homeostatic event.   

 We considered that, during anti-IL-15 Ab administration, a homeostatic factor 

other than IL-15 maybe inducing TEM proliferation as a backup system to maintain 

population numbers in vivo in the absence of IL-15 signaling.  Measurements of plasma 

cytokine levels revealed no changes in other known immune-modulating cytokines 

including IL-7, TNFα, and IL-12.  Interestingly, despite the fact that IL-7 levels were not 

changed in the plasma of anti-IL-15 Ab compared to IgG control Ab treated RM, our data 

suggest that IL-7 could be involved in the observed homeostatic TEM proliferation.  Our 

phosflow data revealed that a significantly increased percent of both CD4 and CD8 TEM 

were able to induce STAT5 phosphorylation in response to IL-7 ex vivo after anti-IL-15 
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Ab treatment compared to control Ab treatment.  Confirming this observation in vivo, 

when anti-IL-15 Ab treated RM were dosed with IL-7, CD4 and CD8 TEM absolute 

numbers significantly increased compared to IgG control Ab treated RM dosed with IL-7.  

Interestingly, a previous study in RM showed that in vivo JAK3 inhibition caused CD8 

and CD4 T cell depletion, but T cell numbers only rebounded after cessation of inhibitor 

dosing (129).  This study suggests that a separate JAK3 mediated signaling event, 

potentially IL-7 signaling, may be involved in the proliferation and accumulation of CD4 

and CD8 TEM cells after IL-15 signal blockade in our system.  Taken together and in 

line with our in vitro signaling data, it is likely that TEM are able to receive homeostatic 

signals from both IL-15 and IL-7 in vivo that help maintain TEM numbers despite 

immune system perturbations. 

We further characterized the anti-IL-15 Ab induced TEM proliferation by 

identifying where in the RM TEM were proliferating.  To that end, we dosed RM with 

BrdU at the peak of anti-IL-15 Ab induced TEM proliferation and immediatedly 

harvested tissues to monitor BrdU incorporation, and thus proliferation of TEM 

throughout the body.  We observed significantly increased proliferation of TEM in WB, 

LN, kidney, lung, and liver, but we did not observe increased TEM BrdU incorporation in 

mucosal sites such as the BAL, colon, jejunum, ileum, or vaginal mucosa.  This 

restriction of the homeostatic TEM proliferation to select tissues and organs further 

implicates that IL-7 is involved in the TEM homeostatic proliferative response.  Although 

stromal fibroblastic reticular cells in lymphoid organs have been observed as primary 

producers of IL-7 (165, 166), IL-7 expression has also been detected in liver and kidney 
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tissue as well (167).  Thus, TEM proliferation was observed primarily in sites known to 

produce IL-7.   

Because TEM proliferation was widespread in the body, we used immunostaining 

to visualize multiple tissues throughout the body to help identify any systemic phenotypic 

effects that were associated anti-IL-15 Ab compared to IgG1 control Ab treatment in RM.  

Interestingly, after anti-IL-15 Ab administration, we observed a significant increase of 

active caspase-3 staining in tissues of RM compared to IgG control Ab dosing.  Active 

caspase-3 has been shown to be a cellular mediator of apoptosis, likely indicating that 

cell death is increased in multiple RM tissues after IL-15 signal blockade (168).   

 An increase in active caspase-3 expression, indicating widespread cellular 

apoptosis was initially surprising because we observed the induction of TEM 

proliferation and rebound of absolute numbers in WB suggesting that the TEM 

population was receiving homeostatic signals that were supporting their renewal after 

depletion following IL-15 signal blockade.  However, despite accumulation of TEM 

absolute numbers to baseline levels in WB, TEM continued to proliferate throughout 

anti-IL-15 Ab administration potentially suggesting the population numbers were 

unstable.  Furthermore, TEM remained relatively depleted in some tissues such as the 

colon following anti-IL-15 Ab treatment and TEM homeostatic proliferation.  In an effort 

to understand these observations, we used microarray to analyze TEM expression profiles 

at the peak of their proliferative response to anti-IL-15 Ab compared to IgG control Ab 

administration.  We observed an upregulation of activation and cell cycling genes 

indicating the cells had been induced to proliferate.  Interestingly, there was also an 
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increase in mitochondrial dysfunction genes associated with a deficit in cell energy.  Our 

data thus suggests that TEM are becoming activated and entering into cell cycle, but once 

into cell cycle the TEM do not have adequate energy to complete replication and become 

pre-apoptotic; taken together, this data indicate that TEM are turning over at an increased 

rate.   

  From our experiments administering anti-IL-15 Ab to RM, we observed that in 

vivo, IL-15 primarily functions to maintain effector lymphocyte homeostasis.  IL-15 

supports NK cell generation and survival in RM and IL-15 supports normal TEM 

homeostasis in vivo.  In the absence of IL-15 mediated signaling, TEM numbers are 

maintained, but TEM exhibit a high-turnover homeostasis. 
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Chapter 4 – Anti-IL-15 Ab administration to SIV-infected RM 

Contribution 

I managed tissue processing of RM belonging to Picker cohort 167, which 

administered anti-IL-15 Ab to chronically SIV-infected RM.  Additionally, I performed 

experiments and analyzed data included in figures 4-1, 4-2, 4-3, 4-4, 4-5, 4-6, 4-7, and 4-

9.  Afam Okoye managed both Picker cohorts 167 and 183 under the guidance of Louis 

Picker.  Experiments of Picker cohort 183, which administered anti-IL-15 Ab to acutely 

SIV-infected RM, were performed by Afam Okoye’s team in Louis Picker’s lab.  Picker 

cohort 183 experiments are shown in figures 4-10, 4-11, 4-12, 4-13, 4-14, 4-15, 4-16, 4-

17, 4-19, and 4-20.  Stained cells from both picker cohorts 167 and 183 were collected on 

an LSR II by the LSR team in Louis Picker’s lab.  RM were cared for by ONPRC DAR 

technicians and staff.  All surgical procedures including antibody dosing, necropsy, and 

harvesting of tissues, was performed by veterinarians and/or veterinary assistants from 

Michael Axthelm’s laboratory or from ONPRC DAR.  Additionally, RM SIV plasma 

viral loads were measured by outside collaborators Mike Piatak and Jeff Lifson (Figures 

4-8 and 4-18).    
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Abstract 

Increased IL-15 levels have been observed following pathogenic HIV/SIV-

infection, and IL-15 has been implicated in the pathogenic hyperimmune activation that 

characterizes HIV/SIV infection.  IL-15 activity might provide benefit to an HIV/SIV 

infected host by support of anti-viral T and NK cell effectors, and/or contribute to 

HIV/SIV pathogenesis by support of hyperimmune activation. To better understand the 

role of IL-15 in pathogenic SIV-infection, we first treated 18 chronically SIVmac239-

infected RM with 6 doses of the rhesusized anti-IL15 antibody, M111, (N=9) or IgG 

isotype control antibody (N=9) biweekly, over a 10-week period.  We next investigated 

the effect of anti-IL-15 Ab dosing on acute SIV infection by administering 23 RM anti-

IL-15 M111 (N=15) or IgG isotype control (N=8) antibody before and up to 8 weeks post 

SIVmac239-infection.  In both cohorts, anti-IL15 Ab was highly efficient at neutralizing 

IL-15 signaling in vivo and caused a near complete depletion of NK cells in the blood and 

tissues.  Throughout anti-IL-15 Ab dosing, CD4 and CD8 TEM exhibited a high-turnover 

homeostasis, but long-term CD4 TEM absolute counts in blood and tissues remained 

unchanged compared to IgG control Ab treatment during both chronic and acute SIV-

infection.  Despite these notable changes to immune cell populations, viral replication 

rates and disease progression during chronic and acute SIV infection were comparable to 

those of control animals. These studies suggest that increased IL-15 levels during SIV 

infection do not play a central role in driving disease progression and that NK cells do not 

play a significant role in either controlling SIV replication or promoting SIV 

pathogenesis. 
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Introduction 

Studies have implicated that CD4 T cell depletion during HIV/SIV pathogenesis 

is caused not only by direct virus induced cell death, but also by a homeostatic 

dysregulation of the CD4 T cell population over time.  The common γc cytokine IL-15 is 

known to regulate memory T cell homeostasis and has been implicated in the pathogenic 

hyperimmune activation that characterizes HIV/SIV-infection.  It has been observed that 

during acute HIV and SIV infection, IL-15 levels are significantly increased (111, 135, 

139).  It is unclear, however, whether increased IL-15 levels play a role in exacerbating 

HIV/SIV disease or promoting immunity.   

Several lines of evidence support a role for IL-15 in promoting immunity during 

HIV/SIV infection.  First, IL-15 stimulates the expansion of virus-specific T cell 

responses (25, 111, 112, 118, 119, 141).  Many recent studies administering IL-15 as an 

adjuvant during HIV/SIV vaccination protocols have demonstrated that IL-15 increased 

viral-specific T cell responses during T cell priming (142-152).  Additionally, the ability 

of IL-15 to differentiate, expand and maintain the viability of CD4 TEM may help 

preserve this population after viral depletion.  Further suggesting that increased IL-15 

does not worsen SIV pathogenesis, it was shown that short term IL-15 treatment did not 

change the SIV plasma viral load of either ART treated or untreated SIV-infected RM 

(25).  Administration of IL-15 to chronically SIV-infected macaques did not result in 

changes to viral loads either (141, 153).  Similarly, a JAK/STAT inhibitor administered 

to chronically SIV-infected RM induced modest, transient increase to viral load (128).  It 

therefore remains uncertain whether increased IL-15 levels protect against HIV/SIV 
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disease progression through support of anti-viral effectors such as CD8 T cells and NK 

cells and through support of CD4 TEM populations numbers by inducing CD4 T cell 

differentiation.   

Alternatively, IL-15 may play a role driving HIV/SIV pathogenesis.  By 

differentiating and expanding CD4 TM populations and, in particular, up-regulating the 

SIV/HIV co-receptor CCR5, IL-15 may simply produce more targets for SIV/HIV and 

contribute to the depletion of central memory T cell populations.  In this regard, 

administration of IL-15 to chronically SIV-infected rhesus monkeys on ART delayed 

viral suppression and did not reconstitute CD4 T cells at mucosal sights (153).   

Moreover, administration of IL-15 to rhesus macaques during acute SIV infection 

increased viral set point and accelerated disease progression despite higher SIV-specific 

CD8 T cell responses (112).  Increased IL-15 cytokine concentrations have been 

correlated to increased viral loads (111, 135, 139).  One study measured significantly 

higher plasma IL-15 levels during acute SIV infection, which correlated with increased 

immune activation and increased susceptibility of CD4 TM to SIV infection (111).  

Indeed, incubation of CD4 T cells with IL-15 increased the infection rate of CD4 T cells 

by SIV in vitro (111).  It should be noted that despite the observed correlation between 

IL-15 and disease outcome, Okoye et al. documented that CD8 depletion of SIV infected 

RM resulted in a spike of IL-15 that caused dramatic CD4 TEM expansion.  While the 

CD8 depleted monkeys succumbed to rapid disease progression, blockade of IL-15 

inhibited the CD4 TEM proliferation, but did not prevent rapid disease progression (154).    
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Our in vitro data described in Chapter 2 suggested that RM IL-15 is involved in 

the homeostasis of NK cells and both CD4 and CD8 TM cells.  Additionally, our data 

predicted that T cell dependence on IL-15 varies with the differentiation status of the T 

cell population, and that IL-15 is a cytokine that primarily supports effector phenotype T 

cell populations’ homeostasis and differentiation.  In our experiments administering anti-

IL-15 Ab to RM described in Chapter 3, we confirmed that in vivo IL-15 supports NK 

cell generation and survival in RM, and IL-15 supports normal TEM homeostasis.  In the 

absence of IL-15 mediated signaling, TEM numbers were initially depleted, but TEM 

exhibited a high-turnover homeostasis that was associated with normalized TEM absolute 

numbers.  Our data supports that in vivo IL-15 primarily functions to maintain effector 

lymphocyte homeostasis.  Because IL-15 is a crucial regulator of CD4 and CD8 TEM 

and NK cell homeostasis, we wanted to understand how increased IL-15 levels during 

pathogenic SIV-infection of RM were affecting CD4 TM homeostasis and SIV 

pathogenesis.  In this chapter we investigated the role of IL-15 in pathogenic SIV-

infection by treating both chronically and acutely SIV-infected RM with anti-IL-15 Ab or 

an IgG control Ab.  
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Materials and Methods 

Animals 

A total of 45 male and female adult Indian-origin RMs (Macaca mulatta) were used in 

this study.  For chronic SIV-infection studies, 22 male and female adult, chronically 

SIVmac239-infected RM were used.  RM were infected with SIVmac239 for 200-600 

days prior to use in this study.  Animals were inoculated with SIVmac239 via various 

routes and doses.  SIV-dose administration ranged from 50 TCID50 – 3000 TCID50 and 

included rectal, vaginal and intravenous inoculations.  For acute-phase studies, twenty-

three healthy, adult RMs were used.  Seven RM were administered three doses of anti-IL-

15 Ab prior to SIV-infection, eight RM were administered 8 doses of anti-IL-15 Ab prior 

to and during acute SIV-infection, and eight RM were administered 8 doses of IgG 

control Ab prior to and during acute SIV-infection.  Antibody was administered once 

every two weeks, first at 20mg/kg and subsequent doses were administered at 10mg/kg.  

At day 42 post-antibody administration, all 23 RM were inoculated intra-rectally with a 

high titer dose of SIVmac239 at 3000 TCID50.  All RM were housed at the Oregon 

National Primate Research Center according to standards of the Animal Care and Use 

Committee and the NIH Guide for the Care and Use of Laboratory Animals. 

 

Flow Cytometric Analysis 

Polychromatic (8-12 parameter) flow cytometric analysis was performed on an LSR II 

instrument (BD) using Pacific Blue, AmCyan, FITC, PE, PE-Texas red, PE-Cy7, PerCP-

Cy5.5, allophycocyanin (APC), APC-Cy7, and AlexaFlour 700 as the available 
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fluorescent parameters.  Instrument set up and data acquisition procedures were 

performed as previously described (155).  List mode multi-parameter data files were 

analyzed using FlowJo software.  Criteria for delineating lymphocyte cell subsets: TN 

(live small lymphocytes, CD3+, CD28mid, CD95low, CCR7+, CCR5-); TCM (live small 

lymphocytes, CD3+, CD28high, CD95high, CCR7+, CCR5-); TTM (live small 

lymphocytes, CD3+ CD28high, CD95high, CCR7- and or CCR5+); TEM (live small 

lymphocytes, CD3+, CD28-, CD95high, CCR7-); Treg (CD3+, CD4+, CD25+, 

CD127mid); NK cells (live small lymphocytes, CD3-, CD20-, CD8bright, NKG2a+, 

CD14-), B cells (live small lymphocytes, CD3-, CD20+); monocytes (live large cells, 

CD14+, CD3-). 

 

Antibodies 

CD3 (SP34-2 BD Pharmingen), CD4 (L200 BD Pharmingen), CD8 (SKI BD 

Pharmingen, eBiosciences, BDIS), CD28 (CD28.2 Beckman Coulter, BD Pharmingen), 

CD95 (DX2 BD Pharmingen, eBiosciences), CCR5 (3A9 BD Pharmingen), CCR7 

(15053 RandD Sysyems), Ki-67 (B56 BD Pharmingen), SA (BD Pharmingen), 

CD20 (L27 BDIS), CD27 (M-T271 BD Pharmingen), IgD (Southern Biotech), 

Gd (5A6.E9 Invitrogen), PD1 (J105, eBisociences), B7 (FIB504, BD Pharmingen), CD56 

(MEM-188 Invitrogen), CD16 (3G8 BD Pharmingen, Biolegend), NKG2A (Z199 

Beckman Coulter), NKp46 (195314 RandD Systems), CD14 (M5E2 BD Pharmingen, 

RandD Systems), CD127 (hIL-7R-M21 BD Pharmingen), CD169 (7-239 Biolegend), 
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HLA-DR (TU36 Invitrogen, Immu357 Beckman Coulter), CD23 (9P25 Beckman 

Coulter), CD25 (2A3 BD Pharmingen), CD69 (FN50 BD Pharmingen), 

 STAT5 (47/Stat5(pY6) BD Pharmingen), BrdU (B44 BD Pharmingen). 

 

Reagents 

R10 media (RPMI (HyClone), 10% Fetal Bovine Serum (FBS), 100units/mL Penicillin, 

10mg/mL Streptomycin (PenStrep) (Sigma), 200µM L-glutamine (Sigma))  

R3 media (RPMI, 3% FBS, 100units/mL-10mg/mL PenStrep, 200µM L-glutamine)  

IEL media (HBSS (Hyclone), 5% Bovine Growth Serum (BGS), 25mM HEPES buffer 

(Sigma), 100 IU/ml PenStrep, 2mM L-glutamine) 

1X PAB (DPBS w 0.1% BSA and sodium azide) 

 

PBMC Isolation from whole blood 

Whole blood was collected in ACD tubes.  Whole blood was spun down for 15 minutes 

at 1800rpm to separate plasma.  Plasma was collected and HBSS was added back to the 

blood to a total volume of no more than 30mL and mixed well.  14mL Ficoll was layered 

under the blood and tubes were spun at 3000rpm for 20 minutes.  PBMCs were removed 

from the buffy coat with a transfer pipette and placed in a new 50mL conical (no more 

than 15mL).  Cells were then washed with 35mL HBSS and spun for 15 minutes at 

1800rpm.  For cell sorting, cells were then re-suspended in 5mL 1X ACK Lysing Buffer 

(Biosource International) for less than 5 minutes, and 45mL HBSS was then added to 
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stop lysis.  Cells were spun for 8 minutes at 1800rpm.  Cells were then washed 1X in R10 

and re-suspended in fresh R10.   

 

Lymphocyte isolation from lymph nodes 

At necropsy, tissues were placed in a 50mL conical filled with approximately 25mL R10.   

Lymph nodes were processed by placing each one in a petri dish containing a metal 

screen and approximately 10mL R10.  A glass pestule was then used to crush the tissue 

against the screen, releasing the lymphocytes into the media.  Using a transfer pipette, the 

media containing the cells was then filtered through a 70µm filter into a 50mL conical.  

Collected cells were washed with R10, centrifuged 8 minutes at 1800rpm and the 

supernatant was aspirated.  Cells were resuspended in fresh R10 for counting. 

        

Sort Purification of Cells 

Whole blood was collected in ACD vacutainers and lymphocytes were isolated by 

density gradient separation as described above.  Live lymphocytes were stained 

extracellularly in R10, on ice in the dark for 30 minutes.  After incubation, cells were 

washed 1X with cold R10 and spun at 1500rpm for 10 minutes at 4˚C.  Cells were then 

resuspended in cold R10 and kept on ice prior to sort and after sort purification.  Cells 

were sorted using an ARIA II (BD).   

 

Proliferation and Differentiation Cultures 
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PBMCs from whole blood were sort purified based on phenotype.  Purified cells were 

plated in a 48-well plate in 1mL R10 at a cell density of 150,000 to 300,000 cells per mL.  

Cytokine and antibodies were spiked into the culture at the concentration described, and 

cultures were gently mixed.  Cells were then placed in culture at 37˚C for two weeks.  At 

day 7, the culture was resuspended and half the culture (0.5mL) was removed for 

phenotype analysis by flow cytometry.  An equal amount of fresh R10 was added back to 

the remaining culture, which was placed back at 37˚C for the remaining 7 days.  At day 

14, the entire culture was resuspended and taken for phenotype analysis.   

 

Cellular Staining 

Whole blood (150ul) was added to polystyrene flow tubes.  For staining previously 

isolated tissue lymphocytes, 1x106 cells were added to polystyrene flow tubes and 

washed 1X with IX PAB.  Extracellular antibodies were added to appropriate tubes and 

tubes were lightly vortexed and incubated in the dark for 30 minutes.   In the case that 

biotin was used, the appropriate SA conjugated antibody was added and incubated for an 

additional 20 minutes.  After incubation, 1mL lyse solution (BD) was added and tubes 

were vortexed and incubated at room temperature in the dark for 10 minutes.  After 10 

minutes, 3mL 1X PAB was added to each tube and tubes spun 5 minutes at1800rpm.  

Supernatant was decanted and 0.5mL 2X Perm buffer (BD) was added to each tube, 

vortexed and incubated 10 minutes at room temperature in the dark.  Following 

incubation, cells were washed with 3mL 1X PAB, spun and the supernatant was 

decanted.  Cells were permed one additional time then washed twice with 3mL 1X PAB.  
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Extracellular antibodies were added and tubes were incubated at room temperature in the 

dark for 45 minutes.  Cells were then washed with 3mL 1X PAB and were subsequently 

collected on an LSR II. 

 

PhosFlow 

Whole blood (100µL) was added to polystyrene flow tubes.  Extracellular antibody stains 

were added and incubated in the dark at room temperature for 30 minutes.  During last 15 

minutes of surface stain, cytokine was spiked in (0-3.2ng diluted in 2µL 1X PBS) to 

blood.  Samples were then incubated for 15 minutes at 37˚C.  After 15 minutes, 2mL 1X 

BD PhosFlow Lyse/Fix diluted in water was added to blood.  Samples were mixed well 

and incubated for 5 minutes at room temperature.  After incubation, tubes were spun for 5 

minutes at 1800rpm.  The supernatant was then discarded and cells were washed 1X with 

2mL 1X PBS.  Samples were mixed well and spun for 5 minutes at 1800rpm.  The 

supernatant was then decanted.  To samples, 1mL ice-cold 1X BD PhosFlow perm buffer 

IV diluted in 1X PBS was then added.  Samples were mixed well and incubated for 

exactly 5 minutes at room temperature.  After 5 minutes, 3mL 1X PAB was added to 

tubes and tubes were then spun 5 minutes at 1800rpm.  The supernatant was decanted and 

samples were washed 1X with 1X PAB.  Intracellular antibody was then added to 

samples and the samples were incubated 45 minutes at room temperature in the dark.  

Cells were washed 1X with 1X PAB.  Samples were subsequently run on LSRII. 
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Intracellular Cytokine Staining (ICS) – PMBCs (1X106) were added to 5mL 

polypropylene flow tubes.  Cells were washed 1X with RI0 and resuspended in 0.5mL 

R10.  Peptides were added at desired concentrations along with costimulatory antibodies 

CD28pure and CD49dpure in 0.5mL R10.  Samples were then incubated for 1 hour at 

37˚C.  After 1 hour, 1µL Brefeldin A (Biolegend) was added to each tube.  Samples were 

then placed back at 37˚C for 8 hours.  After 8 hours, samples were moved to 4˚C until 

staining.  After incubation, ICS samples are stained normally as described above. 

 

BrdU 

Rhesus monkeys were administered BrdU 30mg/kg three times within 24 hours.  Tissues 

were collected and processed for lymphocyte isolation.  Cells were stained with 

extracellular antibodies and lysed and permeabilized as described above.  Immediately 

after the final wash, Dnase was added to tubes.  Following Dnase addition, intracellular 

antibodies including anti-BrdU were added, incubated, and washed normally. 

 

Luminex  

Plasma cytokine concentrations (excluding IL-7) were measured using the Cytokine 

Monkey Magnetic 29-Plex Panel Kit (Life Technologies) according to the manufacturer’s 

instructions.  This panel allowed for the quantitative determination of EGF, Eotaxin, 

FGF-basic, G-CSF, GM-CSF, HGF, IFN-γ, IL-1B, IL-1Ra, IL-2, IL-4, IL-6, IL-8, IL-10, 

IL-12, IL-15, IL-17, IP-10, I-TAC, MCP-1, MDC, MIF, MIG, MIP-1a, MIP-1b, 

RANTES, TNF-a, and VEGF.  Briefly, previously collected plasma was thawed on ice.  
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Once thawed, plasma was spun for 10 minutes at 10,000g at 4˚C.  Sample plasma and 

standards were incubated with provided beads overnight at 4˚C.  After incubation, 

detection antibody was added and incubated for 1 hour and the beads were then 

subsequently washed.  Streptavidin-RPE was added next and incubated for 30 minutes at 

room temperature.  Finally, beads were washed and resuspended in wash buffer for 

acquisition using a Luminex 200 machine.  Data was analyzed using MasterPlex QT and 

MasterPlex CT Software. 

 

Virus Quantification 

Plasma SIV RNA was assessed using a real-time RT-PCR assay with a threshold 

sensitivity of 30 SIV gag RNA copy equivalents per milliliter of plasma as described 

previously (169).  Amplification primers included forward primer (SGAG21), 5’- 

GTCTGCGTCATPTGGTGCATTC-3’; reverse primer (SGAG22), 5’- 

CACTAGKTGTCTCTGCACTATPTGTTTTG-3’, and probe (pSGAG23), 5’-(FAM) 

CTTCPTCAGTKTGTTTCACTTTCTCTTCTGCG-(BHQTM1)-3’. 
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Results 

CD4 TEM are the most efficiently targeted cells by most SIV/HIV because they 

constitutively express CCR5, the SIV/HIV co-recteptor.  Pathogenic CCR5-tropic SIV-

infection of RM results in the rapid depletion of most CCR5+ CD4 TEM in effector sites 

such as the lung and gut lamina propria within days of initial infection (31).  Antigen-

stimulated systemic immune activation causes TCM proliferation and differentiation to 

TEM in order to supply the peripheral effector sites with adequate TEM to fight local 

infection.  It was shown that SIV infection initiates a persistent hyper-proliferative state 

among CD4 (and CD8) memory T cells (32).  During pathogenic HIV/SIV-infection and 

chronic immune activation, studies have reported abnormal homeostatic cytokine levels, 

including increased IL-15 plasma concentrations (111).  Indeed, we have observed that 

IL-15 levels are generally increased in the plasma and tissues of SIV-infected RM 

(Figure 4-1).  We additionally observed that sort-purified CD4 T cells from chronically 

SIV-infected RM were unable to respond normally to homeostatic cytokines, having a 

delayed proliferation response to both IL-15 and IL-7 in vitro (Figure 4-2).   

 To better understand the role of IL-15 in pathogenic SIV-infection, eighteen 

chronically SIVmac239-infected RM were administered six doses of the rhesusized anti-

IL-15 Ab, M111, (N=9) or an IgG1 isotype control Ab (N=9) once every two weeks for 

ten weeks (Figure 4-3).  Animals were defined as chronically infected if they were 

infected with SIV for at least 100 days, had plateau-phase viral loads and had less than 

two percent CD4 T cells in BAL.  Over the course of antibody treatment, the WB from 

the chronically SIV-infected RM was monitored via phosflow, and we observed anti-IL-
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15 Ab treatment blocked IL-15 mediated STAT5 phosphorylation ex vivo compared to 

IgG control Ab treatment (data not shown). 

Similar to our observations in healthy RM described in Chapter 3, anti-IL15 Ab 

was highly efficient at depleting NK cells in chronically SIV-infected RM (Figure 4-4).  

NK cells showed differential reliance on IL-15, with CD16+ CD56- NK cells being 

depleted to the highest extent and showing over 95% depletion compared to baseline 

levels.  CD16- CD56- NK cells were also significantly depleted, being reduced by 90%, 

and CD16- CD56+ NK cells were the least depleted NK cell population, only being 

reduced to about 50% of baseline levels compared to control antibody treated monkeys.  

These data further support that NK cells are reliant on IL-15 signals in vivo, and that NK 

cell reliance on IL-15 does not change during chronic SIV-infection.    

 We next examined T cell population dynamics in the chronically SIV-infected 

monkeys during anti-IL-15 Ab administration.  Consistent with our observations in 

healthy, SIV-negative RM described in Chapter 3, absolute numbers of CD8 T cells 

decreased after anti-IL-15 Ab dosing compared to IgG control Ab dosed animals (Fig 4-

6).  The reduction in total CD8 T cell absolute numbers was due primarily to reductions 

of the CD8 TEM population numbers, whereas CD8 TCM and CD8 TTM absolute 

numbers remained unchanged over the course of Ab treatment.  Beginning at day 14, 

both CD8 TEM and to a lesser extent CD8 TTM populations showed a significant 

increase in Ki-67 expression.  Increased CD8 T cell proliferation was associated with 

CD8 T cell numbers rising back to baseline levels after approximately three doses of anti-

IL-15 Ab, despite continued anti-IL-15 Ab administration.  Although CD8 T cell 
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numbers were able to rebound after depletion and proliferation, CD8 T cells continued to 

proliferate after baseline numbers in WB were re-achieved, throughout the course of 

antibody treatment.  In chronically SIV-infected RM, CD4 TEM numbers initially 

declined slightly, but after several doses of anti-IL15 Ab, CD4 TEM numbers were not 

significantly reduced compared to control treated monkeys (Figure 4-5).   Additionally, 

only CD4 TEM and not CD4 TTM populations showed an increase in proliferation 

following anti-IL15 Ab administration, a finding that differed from our studies in healthy 

RM.  Analysis of lymphocytes in the BAL demonstrated that resident CD8 TEM and the 

few remaining CD4 TEM had increased levels of Ki-67 following anti-IL-15 Ab 

administration compared to IgG Ab control (Fig 4-7).   

 Our in vivo IL-15 signal blockade caused significant changes to both NK cell and 

T cell population dynamics during SIV-infection, and we wanted to establish how these 

changes affected SIV disease progression.  In collaboration with Mike Piatak, we 

measured SIV plasma viral loads and found they remained stable and unchanged between 

IgG control and anti-IL-15 Ab treated groups (Figure 4-8).  Also, there were no 

differences in CD4 T cell depletion of BAL or WB following treatment with anti-IL-15 

Ab compared to IgG Ab during the course of chronic SIV-infection (Figure 4-9, 4-6).  

We observed that following anti-IL-15 Ab administration, there were no significant 

clinical changes to SIV-infected RM compared to control IgG Ab administration.  

Moreover, anti-IL-15 Ab treatment did not accelerate the time to end stage disease in RM 

compared to IgG control Ab treatment (data not shown).  Taken together, anti-IL-15 Ab 

administration did not significantly alter the rate of SIV replication or SIV pathogenesis.     
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Anti-IL-15 Ab on acute-phase SIV pathogenesis 

Although an in vivo blockade of IL-15 signaling did not change the progression of 

SIV pathogenesis when administered during chronic phase SIV-infection, it may be that 

IL-15 plays a role driving disease progression early on, causing permanent damage to the 

immune system during acute-phase infection.  Indeed, it was observed that IL-15 

administration had more profound effects on T cell dynamics and viral load when 

administered during acute phase of viral infection as opposed to during chronic infection 

(112, 141).  We therefore next tested the effect of anti-IL-15 Ab treatment before and 

during acute-phase SIV-infection.  Antibodies were dosed to RM once every two weeks.  

Seven RM were given three doses of anti-IL-15 Ab prior to SIV infection, eight RM were 

given eight doses of anti-IL-15 Ab prior to and during acute SIV infection; and eight RM 

were given eight doses of IgG1 control Ab both prior to and throughout acute phase SIV-

infection.  At week six after initiation of antibody treatment, all animals were inoculated 

intra-rectally with a high-titer dose (3000 TCID50) of SIVmac239, which was sufficient 

to infect all animals (Fig 4-10).   

 Consistent with previous cohorts, the anti-IL-15 Ab significantly depleted NK 

cells from the peripheral blood of RM compared to IgG control Ab (Figure 4-11).  

CD16+ CD56- NK cell populations were almost completely depleted after two doses of 

anti-IL-15 Ab and remained depleted throughout acute SIV-infection until approximately 

ten weeks after the cessation of antibody therapy in both anti-IL-15 Ab treated groups.  

The CD16- CD56+ and CD16- CD56- NK cell populations also depleted significantly 

after anti-IL-15 Ab treatment, but proceeded to decline more slowly and only fully 
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depleted after the fourth dose of antibody.  Due to the long-term nature of this study, we 

were able to follow NK cell population rebound after cessation of antibody treatment.  

Total NK cell numbers did not begin to increase until close to ten weeks after stopping 

anti-IL-15 Ab dosing, as was observed after treatment with either three or eight doses of 

anti-IL-15 Ab.  The fact that NK cells did not replenish in RM for nearly ten weeks 

supports that IL-15 is necessary not only for NK cell survival, but also for early NK cell 

generation and development.   

We next evaluated T cell dynamics following anti-IL-15 Ab administration during 

acute SIV-infection.  After anti-IL-15 Ab treatment but prior to SIV-infection, RM 

showed a depletion of CD8 TEM absolute numbers (Figure 4-13), consistent with our 

previously treated cohorts.  After two weeks, CD8 TEM, and to a lesser extent CD8 

TTM, exhibited a significant increase in Ki-67 expression that remained raised over the 

course of anti-IL15 Ab dosing.  At day 42 post anti-IL-15 Ab or IgG control Ab 

treatment, RM were infected intra-rectally with SIV.  Following SIV-infection, CD8 

TEM and CD8 TTM from anti-IL-15 Ab treated RM did not show any further increases 

in proliferation.  In contrast, during IgG control Ab treatment, CD8 TEM and CD8 TTM 

exhibited a large burst of proliferation that lasted only a few weeks after SIV-infection.  

Whereas the RM from the IgG control Ab group quickly resolved the induction of CD8 

TEM and TTM proliferation post SIV-infection, CD8 TEM and TTM proliferation 

remained high throughout acute SIV-infection during the course of anti-IL15 Ab 

treatment.  We observed no differences in CD8 TCM proliferation or absolute numbers 

following anti-IL-15 Ab compared to IgG control Ab administration during acute SIV-
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infection.  Although there were no changes to CD8 TN proliferation, anti-IL-15 Ab 

treatment unexpectedly led to long-term depletion of CD8 TN absolute numbers in WB.    

Following anti-IL-15 Ab administration, CD4 TEM absolute numbers were   

initially depleted compared to IgG control Ab dosing, similar to CD8 TEM and our 

observations in previous RM cohorts (Figure 4-12).  After several weeks post anti-IL-15 

Ab dosing, CD4 TEM and more moderately, CD4 TTM, exhibited a burst in proliferation 

compared to IgG Ab treated RM.  Of note, after acute SIV-infection post-antibody 

dosing, CD4 TEM depleted more rapidly in anti-IL-15 Ab treated RM compared to IgG 

control Ab.  By day 42 post SIV-infection, however, there was no difference in CD4 

TEM absolute numbers among anti-IL-15 Ab and IgG control Ab treated groups.  

Following SIV-infection of IgG control Ab treated RM, CD4 TTM and CD4 TEM were 

induced to proliferate.  Whereas CD4 TTM proliferation remained increased throughout 

SIV infection, CD4 TEM proliferation was quickly resolved in the IgG control treated 

RM.  SIV infection following anti-IL-15 Ab treatment, in contrast, led to an initial 

decrease in CD4 TEM proliferation that then increased at 2 weeks post-infection and 

remained high over Ab treatment.  We observed no differences in CD4 TCM and CD4 

TN proliferation between anti-IL-15 antibody and IgG control Ab dosed groups during 

acute SIV-infection.  In all antibody treated groups, CD4 TCM showed an initial decrease 

in proliferation after SIV-infection, followed by a rebound to levels higher than baseline 

that remained increase throughout observation.  Similar to CD8 TN, CD4 TN exhibited 

long-term depletion of absolute numbers following anti-IL-15 Ab administration 

compared to IgG control Ab.  
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In the BAL, CD4 and CD8 TEM showed increased Ki-67 expression after anti-

IL-15 Ab compared to IgG control Ab treatment (Figure 4-14).  Although TEM from 

BAL sustained high levels of proliferation over the course of anti-IL-15 Ab treatment, 

CD4 TEM from anti-IL-15 Ab treated RM showed only slightly increased proliferation, 

and CD8 TEM exhibited no increased proliferation following SIV infection.  In contrast, 

TEM from IgG control Ab treated RM were induced to proliferate following SIV 

infection, but proliferation was quickly resolved.    

 Following SIV-infection, TEM from anti-IL-15 Ab treated RM showed sustained, 

high levels of proliferation throughout antibody treatment and acute SIV-infection, rather 

than the quick burst and resolution of TEM proliferation seen in IgG control Ab treated 

RM.  In healthy RM (Chapter 3) we observed that sustained, increased proliferation of 

TEM during anti-IL-15 Ab dosing was associated with a high turnover of TEM.  To 

determine if anti-IL-15 Ab increased TEM turnover during SIV-infection, anti-IL-15 Ab 

or IgG control Ab treated SIV-infected RM were given three doses of BrdU within 24 

hours.  BrdU appearance and loss was then monitored in the BAL and WB of treated RM.  

Analysis of the BAL showed that an increased percent of TEM incorporated BrdU from 

anti-IL-15 Ab treated RM than IgG control Ab treated RM (Figure 4-15).  Thirty to 

thirty-five percent of CD4 TEM showed BrdU incorporation after anti-IL-15 Ab 

treatment as compared to 20% of CD4 TEM that incorporated BrdU following IgG 

control Ab dosing.  Fifteen to twenty percent of CD8 TEM showed BrdU incorporation 

after anti-IL-15 Ab treatment as compared to less than ten percent of CD8 TEM that 

showed BrdU incorporation following IgG control Ab administration.  Peak TEM BrdU 
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incorporation was reached on the same day in all antibody treated groups.  After peak 

BrdU incorporation, however, the percent of BrdU-positive TEM from both anti-IL-15 

Ab and IgG control Ab treated groups rapidly declined to similar levels over the same 

time period.  By day 14, the same percent of CD4 TEM and CD8 TEM from both anti-

IL-15 Ab and IgG control Ab treated groups showed BrdU incorporation that disappeared 

slowly over a similar time course (Figure 4-15).  Analysis of the WB revealed that TCM 

and TTM cell populations showed no differences in the appearance and loss of BrdU 

(Figure 4-16).  For both CD4 and CD8 populations, after the peak of BrdU incorporation, 

TCM and TTM cell subsets from both anti-IL-15 Ab and IgG control Ab treated RM 

showed loss of BrdU-positive cells at the same rate; BrdU-positive cells quickly declined 

to around 20% of peak levels by day 10, then depletion leveled off and only declined to 

approximately 5-10% by day 60.  Of note, we observed that CD4 and CD8 TEM from 

anti-IL-15 Ab treated RM demonstrated significantly increased appearance and loss of 

BrdU in the WB compared to IgG control Ab treatment.  In anti-IL-15 Ab treated RM, 

the percent of BrdU-positive CD4 TEM declined rapidly to approximately 50% of peak 

incorporation within 10 days before leveling off and only depleting to 20-30% of peak by 

day 60.   In contrast, in IgG control Ab treated RM, the percent of BrdU-positive CD4 

TEM depleted only to 80% of peak incorporation by day 10 before leveling off and 

declining to 50% of peak BrdU incorporation by day 60.  The percent of BrdU-positive 

CD8 TEM in anti-IL-15 Ab treated animals exhibited fast decline to 20% of peak levels 

by day 7, followed by slow decline to 5-10% by day 60.  Following IgG control Ab 

treatment, the percent of BrdU-positive CD8 TEM decreased to only 40% by day 10, 
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before leveling off and further declining to 20% by day 60.  Taken together, CD4 and 

CD8 TEM appear to be turning over at higher rates in WB and BAL following anti-IL-15 

Ab compared to IgG control Ab treatment.             

 Anti-IL-15 Ab administration had potent effects decreasing TEM absolute 

numbers, which was followed by increased TEM proliferation, suggesting that IL-15 

does play a major role supporting TEM population homeostasis in vivo.  TEM function 

has also been shown to be dependant on IL-15 signals and SIV-specific TEM responses 

have been shown to be augmented by IL-15 both in vivo and in vitro (119).  To determine 

the role that IL-15 signaling plays in the development and function of T cell responses 

during acute SIV-infection, we monitored SIV-specific CD4 and CD8 T cell responses 

following anti-IL-15 Ab or IgG control Ab administration via intracellular cytokine 

staining (ICS).  Indeed, we observed decreases to total SIV-specific responses in WB 

after treatment with anti-IL-15 Ab during acute-SIV infection as compared to IgG control 

Ab treatment.  Additionally, we observed more profound decreases to CD4 and CD8 total 

SIV-specific responses in the BAL (Figure 4-17).  Taken together, this data shows that 

IL-15 not only plays a role in T cell homeostasis but also that IL-15 plays role in the 

maintenance or generation of antigen specific T cells during SIV-infection. 

 We observed profound alterations to lymphocyte populations during anti-IL-15 

Ab treatment of RM during acute SIV infection.  Notably, NK cell populations were 

almost completely depleted and TEM populations were initially depleted, but TEM were 

subsequently characterized by increased proliferation, activation, and turnover.  During 

the course of anti-IL-15 Ab administration, once NK cells depleted and TEM were 
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maximally proliferating, RM were inoculated with a high-titer dose of SIV.  We 

monitored plasma viral loads to evaluate how the IL-15 signaling blockade and the 

resultant change to lymphocyte populations during acute SIV-infection affected viral 

replication.  Surprisingly, despite the drastic alterations to NK cell and T cell populations 

caused by either regimen of anti-IL-15 Ab dosing, there were no changes to either peak 

or plateau-phase SIV viral loads compared to IgG control Ab treated RM (Figure 4-18).  

Consistent with no differences in viral replication, the rate of CD4 T cell depletion in the 

BAL and WB was equivalent in anti-IL-15 Ab and IgG control Ab treated RM (Figure 4-

19).  Long-term survival of these RM was monitored for 400 days and while the anti-IL-

15 Ab treated groups showed slight indications of early AIDS progression, the survival 

rates were not statistically different of RM treated with anti-IL-15 Ab versus IgG conrol 

Ab (Figure 4-20).   
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Results – Chapter 4 Figures – Anti-IL-15 Ab administration to SIV-infected RM 
 

                           
 

                            
                              
 
Figure 4-1 – Plasma and tissue IL-15 levels are increased during SIV-infection - (A) IL-15 
immunostaining (brown) of LN from a representative RM before (top) and at day 28 post SIV-
infection (bottom).  B. Plasma IL-15 concentrations (pg/mL) of uninfected RM (N=10, blue) and 
SIVmac239 infected RM (N=16, red).  p value measured by Mann-Whitney test. 
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Figure 4-2 – CD4 TCM from SIV-infected RM have a delayed proliferation and 
differentiation response to IL-15 – Sort-purified CD4 TCM and CD8 TCM from healthy, 
uninfected RM (black) or SIV-infected RM (green) were cultured in vitro for 14 days with 20µM 
PMPA and 50ng/mL rIL-15 or 50ng/mL rIL-7.  At day 7 and day 14 cultures were stained for 
CD28, Ki-67, CCR7 and CCR5.  (A) Left panels show representative RM dot plots of CD4 TCM 
proliferation (top) and differentiation (bottom) response to IL-15.  Panels on right show mean 
proliferation (top) and differentation (bottom) of uninfected RM (N=19); and SIV-infected 
(N=21).  Panels in (B) show mean responses of CD4 TCM to IL-7 of healthy RM (N=19) and 
SIV+ RM (N=23); CD8 TCM to IL-15 of healthy RM (N=11) and SIV+ RM (N=11); CD8 TCM 
to IL-7 of healthy RM (N=14) and SIV+ RM (N=20).  * p<0.05, **p<0.0001.  Statistical analysis 
evaluated using repeated measures ANOVA with Tukey-Kramer adjustment to control for 
multiple comparisons. 
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Figure 4-3 – Schematic of anti-IL-15 Ab administration to chronically SIV-infected RM – 
Chronically SIV-infected rhesus monkeys were administered 6 doses of anti-IL-15 Ab or IgG1 
control antibody biweekly.  Animals were dosed with antibody once at 20mg/kg followed by 5 
doses at 10mg/kg.    
 
 
 

           
 
Figure 4-4 – NK cells are depleted in WB after anti-IL-15 Ab treatment to chronically SIV-
infected RM – Shown are indicated NK cell populations absolute counts in WB graphed as 
percent of baseline, following anti-IL-15 Ab (red, N=9) or IgG1 control Ab (blue, N=9) 
treatment.  WB from chronically SIV-infected RM was stained for NKG2a, CD16, and CD56 and 
analyzed by flow cytometry.  Gray vertical lines indicate days antibody was administered to RM.  
Statistical analysis was evaluated using repeated measures ANOVA with Tukey-Kramer 
adjustment to control for multiple comparisons. 
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Figure 4-5  - CD4 T cell dynamics during anti-IL-15 Ab administration to chronically SIV-
infected RM– Shown are CD4 T cell populations’ absolute counts and proliferation in WB 
graphed as percent of baseline following anti-IL-15 Ab (red, N=9) or IgG1 control Ab (blue, 
N=9) administration.  WB was stained for T cell markers and Ki-67 and analyzed via flow 
cytometry. Gray, vertical lines indicate days antibody was administered to RM.  * p<0.05,  
Statistical analysis was evaluated using repeated measures ANOVA with Tukey-Kramer 
adjustment to control for multiple comparisons. 
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Figure 4-6  - CD8 T cell dynamics during anti-IL-15 Ab administration to chronically SIV-
infected RM– Shown are CD8 T cell populations’ absolute counts and proliferation in WB 
graphed as percent of baseline following anti-IL-15 Ab (red, N=9) or IgG1 control Ab (blue, 
N=9) administration.  WB was stained for T cell markers and Ki-67 and analyzed via flow 
cytometry. Gray, vertical lines indicate days antibody was administered to RM.  * p<0.05,  
Statistical analysis was evaluated using repeated measures ANOVA with Tukey-Kramer 
adjustment to control for multiple comparisons. 
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Figure 4-7  - CD4 and CD8 TEM in BAL of chronically SIV-infected RM are induced to 
proliferate after anti-IL-15 Ab treatment – BAL was collected at indicated time points post 
anti-IL-15 Ab (red, N=9) or IgG1 control Ab  (blue, N=5) administration and stained for T cell 
markers and Ki-67.  Graphs show percent change in TEM Ki-67+ cells. Gray vertical lines 
indicate days antibody was administered to RM.  * p<0.05, **p<0.0001.  Statistical analysis 
evaluated using repeated measures ANOVA with Tukey-Kramer adjustment to control for 
multiple comparisons. 
 
 
 

                                           
 
Figure 4-8 – Chronic-phase SIV viral loads are not changed in RM after anti-IL-15 Ab 
treatment - Plasma viral loads of chronically infected RM following anti-IL-15 Ab (red, N=9) or 
IgG1 control Ab  (blue, N=9) administration.  Gray vertical lines indicate days antibody was 
administered to RM.  p=Not significant (NS) - Statistical analysis was evaluated using repeated 
measures ANOVA with Tukey-Kramer adjustment to control for multiple comparisons. 
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Figure 4-9 – Anti-IL-15 Ab treatment does not change CD4 T cell depletion in the BAL 
during chronic SIV-infection – Graph shows the percentage of CD4+ T cells in BAL graphed as 
percent of baseline.  Anti-IL-15 Ab (red, N=9) or IgG1 control Ab  (blue, N=9).  Gray vertical 
lines indicate days antibody was administered to RM.  p=Not significant (NS) - Statistical 
analysis was evaluated using repeated measures ANOVA with Tukey-Kramer adjustment to 
control for multiple comparisons. 
 
 
 
 
 
 

 
 
 
Figure 4-10 – Schematic of anti-IL-15 Ab administration to RM during acute SIV-infection 
– Healthy RM were treated with: 3 doses of anti-IL-15 Ab prior to SIV infection (N=7, 
green); 8 doses of anti-IL-15 Ab prior to and during SIV infection (N=8, red); or 8 doses 
of IgG1 control Ab prior to and during acute phase SIV-infection (N=8, blue).  Doses of 
antibody were administered every two weeks, the first dose administered at 20mg/kg and 
all subsequent doses administered at 10mg/kg.  At week six after initiation of antibody 
treatment, all animals were inoculated intra-rectally with a high-titer dose of SIVmac239.    
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Figure 4-11 - NK cells were depleted in WB after anti-IL-15 Ab administration to RM 
before and during acute SIV-infection – WB from acutely SIV-infected RM was stained for 
NKG2α, CD16, and CD56 and analyzed by flow cytometry over the course of anti-IL-15 Ab 3X 
(green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8) treatment.  Shown 
are indicated NK cell populations absolute counts graphed as percent of baseline.  Gray vertical 
lines indicate days antibody was administered to RM. 
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Figure 4-12 – Acute SIV-infection CD4 T cell dynamics during anti-IL-15 Ab treatment – 
Shown are CD4 T cell population absolute counts and proliferation in WB graphed as percent of 
baseline following anti-IL-15 Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control 
Ab (blue, N=8) treatment. WB from acutely SIV-infected RM was stained for T cell markers and 
Ki-67 and analyzed via flow cytometry. Gray vertical lines indicate days antibody was 
administered to RM. 
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Figure 4-13 - Acute SIV-infection CD8 T cell dynamics during anti-IL-15 Ab treatment – 
WB from acutely SIV-infected RM was stained for T cell markers and Ki-67 at time points post 
anti-IL-15 Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8) 
treatment.  Shown are CD4 T cell population absolute counts and proliferation graphed as percent 
of baseline.  Gray vertical lines indicate days antibody was administered to RM.   
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Figure 4-14 - TEM in BAL from acutely SIV-infected RM are induced to proliferate after 
anti-IL-15 Ab treatment – BAL was collected at indicated time points post anti-IL-15 Ab 3X 
(green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8) administration and 
stained for T cell markers and Ki-67.  Graphs show percent change in TEM Ki-67+ cells. Gray 
vertical lines indicate days antibody was administered to RM. 
 
 
 
 
 
 
    

 
 
Figure 4-15 – Anti-IL15 Ab increases TEM turnover in the BAL during acute SIV infection 
– At day 40 post SIV infection, RM were administered BrdU 3X within 24hrs.  BAL was 
collected at indicated time points and stained for T cell markers and BrdU.  Graphs show percent 
change in CD4 and CD8 TEM BrdU+ cells from baseline.  Anti-IL-15 Ab 3X (green, N=7), anti-
IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8). 
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Figure 4-16 – Anti-IL15 Ab increases TEM turnover in WB during acute SIV infection – At 
day post SIV infection, RM were administered 30mg/kg BrdU 3X within 24hrs.  WB was 
collected at indicated time points and stained for T cell markers and BrdU.  Graphs show percent 
change in CD4 and CD8 T cell subsets BrdU+ cells from peak BrdU incorporation.  Anti-IL-15 
Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8).  
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Figure 4-17 – IL-15 signaling blockade during acute SIV infection reduces SIV-specific T 
cell responses in BAL – Percent of CD4 and CD8 T cells responding to stimulation with SIV 
proteome by production of TNFa and/or IFNg measured by ICS from WB (A) and BAL (B).  
Anti-IL-15 Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8). 
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Figure 4-18 – Peak and plateau-phase SIV viral loads are not changed in RM after anti-IL-
15 Ab treatment during acute SIV infection - Plasma viral loads of infected RM following 
anti-IL-15 Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab (blue, N=8) 
administration during acute SIV infection.  Gray vertical lines indicate days antibody was 
administered to RM.  p=NS (Not Significant) - Statistical analysis was evaluated using repeated 
measures ANOVA with Tukey-Kramer adjustment to control for multiple comparisons. 
 
 
 

                       
 
Figure 4-19 – Anti-IL-15 Ab treatment does not change CD4 depletion in the BAL during 
acute SIV-infection – Graph shows the percentage of CD4+ T cells in BAL graphed as percent 
of baseline.  Anti-IL-15 Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, N=8), or IgG1 control Ab 
(blue, N=8).  Gray, vertical lines indicate days antibody was administered to RM.  p=NS (Not 
Significant) - Statistical analysis was evaluated using repeated measures ANOVA with Tukey-
Kramer adjustment to control for multiple comparisons. 
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Figure 4-20 – Survival of rhesus macaques is not significantly altered following anti-IL-15 
Ab treatment during acute SIV-infection – Graph shows Kaplan-Meier plot of time to end-
stage AIDS following SIV-infection.  Anti-IL-15 Ab 3X (green, N=7), anti-IL-15 Ab 8X (red, 
N=8), or IgG1 control Ab (blue, N=8). 
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Discussion 

Anti-IL-15 Ab administration to SIV-infected RM 

 During pathogenic HIV/SIV infection and the resulting chronic immune 

activation, significantly increased IL-15 levels have been measured, potentially 

implicating increased IL-15 in driving depletion of CD4 T cell populations and 

pathogenesis (111, 135, 139, 140).  Indeed, our measurements of IL-15 demonstrated 

increased IL-15 levels in both plasma and tissues of SIV-infected RM, confirming a 

dysregulation of this homeostatic cytokine during SIV-infection of RM.  Of note, we also 

observed that sort-purified CD4 T cells from SIV-infected RM displayed a significantly 

delayed proliferation response when cultured with both γc chain cytokines IL-15 and IL-7 

in vitro.  Likely, the delayed proliferative responses of CD4 T cells from SIV-infected 

RM to γc cytokines in vitro is a result of high, chronic immune activation during SIV 

infection that has already induced high proliferation of these cells in vivo.  Anti-IL-15 

antibody administration, however, did not significantly alter T cell depletion, viral loads, 

or disease outcome compared to control treated RM during either acute or chronic phase 

SIV-infection.  Moreover, during chronic SIV-infection, we found that levels of other 

homeostatic cytokines measured in the plasma did not change in response to anti-IL-15 

Ab administration, suggesting that increased IL-15 is not affecting changes in other 

cytokines.  Thus IL-15 by itself is not a key factor either driving or protecting from 

pathogenesis.   

Anti-IL-15 Ab administration almost completely depleted NK cells of RM during 

chronic SIV-infection.  Surprisingly, NK cell depletion during chronic SIV-infection of 
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RM did not change CD4 T cell depletion, viral loads or disease outcome.  These data 

indicating that NK cells do not play a major role protecting against SIV disease are 

supported by a recently published study in which JAK3 inhibitor was administered to 

chronically SIV-infected RM.  The JAK3 inhibitor resulted in NK cell depletion, but 

these RMs exhibited only an extremely modest, transient increase in viral loads, an effect 

that was not even observed in all 6 of the RM animals examined (128).  It is therefore 

possible that during chronic SIV-infection, NK cells do not play a dominant role 

protecting against opportunistic infection and NK cells are not driving SIV pathogenesis.  

However, anti-IL-15 Ab was only administered for a short time during chronic SIV-

infection, and thus may not have been adequate time to observe disruptions of NK cell 

protection against opportunistic infections during SIV-infection.    

In our studies during acute phase SIV-infection, we began anti-IL-15 Ab 

administration six weeks prior to SIV inoculation.  This led to NK cell depletion prior to 

SIV-infection and NK cell depletion was maintained throughout acute SIV-infection after 

either the 3- or 8-dose regimen of anti-IL-15 Ab.  Interestingly, an absence of NK cells 

during acute SIV infection did not change peak or plateau-phase viral loads, CD4 T cell 

depletion, or long-term survival of RM.  Our studies do not preclude a role for NK cells 

in preventing natural infection where a single infected cell is thought to lead to systemic 

infection, as our system used a high-titer dose of SIV that ensured infection of all 

animals.  Nonetheless, after the initial take of infection, our study shows that NK cells are 

not a primary force in either controlling or driving pathogenesis during acute SIV-

infection. 
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 Anti-IL-15 Ab treatment of RM during SIV-infection led not only to drastic 

changes in NK cell populations, but also to significant changes in T cell population 

dynamics as well.  Following anti-IL-15 Ab administration during SIV-infection, CD4 

and CD8 TEM cell populations were initially depleted.  CD4 and CD8 TEM cell 

populations were induced to proliferate, which was associated with a rise in TEM cell 

absolute numbers back towards pre-treatment levels.  Increased TEM proliferation was 

sustained throughout anti-IL-15 Ab treatment during both chronic and acute-phase SIV-

infection.  Surprisingly, increased proliferation did not cause an increase in depletion of 

CD4 TEM cells or an increase in viral loads due to increased numbers of viral target 

cells.  Moreover, disease outcome remained unchanged in anti-IL-15 Ab compared to 

IgG1 control Ab treated RM during both acute- and chronic-phase SIV infection.  One 

caveat is that anti-IL-15 Ab administration was only maintained for a short period of 

time, so it is possible that if we sustained the IL-15 signaling blockade longer, the system 

would have eventually collapsed.     

 We monitored SIV-specific CD4 and CD8 T cell responses during both chronic 

and acute phase SIV-infection to understand how an IL-15 signal blockade would change 

antigen specific T cell responses during SIV-infection.  IL-15 has been shown to increase 

the production of SIV-specific CD4 and CD8 T cell responses; however, during chronic 

SIV-infection, anti-IL-15 Ab administration caused no changes to SIV-specific CD4 or 

CD8 T cell responses compared to IgG control Ab administration.  We did observe, 

however, anti-IL-15 Ab treatment led to decreases in SIV-specific CD4 and CD8 T cell 

responses in the whole blood during acute SIV-infection.  Additionally, we observed a 
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significant decrease in SIV-specific CD4 and CD8 T cell responses in the BAL following 

anti-IL-15 Ab administration during acute SIV-infection.  Thus, our data support that 

production and maintenance of SIV-specific CD4 and CD8 T cell responses during acute 

SIV-infection are dependent on IL-15 signals in RM (104, 106-108).  Our studies in 

healthy RM indicated that CD4 and CD8 TEM absolute numbers can be supported by a 

homeostatic factor other than IL-15, likely IL-7.  Thus, our data suggests that IL-7 is not 

able to maintain TEM function and antigen specific responses to the same extent that IL-

7 is able to support absolute numbers and TEM homeostasis.  

Although previous studies showed that increased levels of IL-15 during SIV 

infection correlated to increased plasma viral loads and worse disease outcome, we 

observed that blockade of IL-15 signaling during acute SIV infection did not change 

either peak- or plateau-phase plasma SIV viral loads (111).  Moreover, we did not see a 

change in disease progression following administration of anti-IL-15 Ab either during 

acute or chronic phase SIV-infection.  Our data strongly suggest that although a 

correlation of plasma IL-15 levels and SIV plasma viral loads may exist, there is likely no 

causal effect of increased plasma IL-15 resulting in higher SIV viral loads.  This supports 

previous data that showed that CD8 T cell depletion led a spike of IL-15 and rapid 

disease progression during SIV infection, but when IL-15 was neutralized rapid 

progression was not stopped.  Rather, rapid progression was caused by a lack in CD8 T 

cell protection during infection (154).   
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Taken all together, our data shows that increased IL-15 levels during SIV 

infection do not play a primary role driving SIV disease progression and CD4 T cell 

homeostatic failure and depletion.  
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Chapter 5 – Discussion and Conclusions 

To characterize the role of IL-15 in vivo, we used the approach of administering a 

rhesusized anti-IL-15 Ab to healthy RM to understand how an IL-15 signal blockade 

would affect lymphocyte homeostasis in a healthy immune system.  Antibody treatment 

was well tolerated by all RM, with no adverse side effects observed after multiple dosing.  

Moreover, in vivo anti-IL-15 Ab administration to RM effectively neutralized IL-15 

signaling, causing a significant decrease in STAT5 phosphorylation in tissues as was 

verified by phosflow and immunostaining assays.  As was observed previously in rhesus 

macaques and humans, anti-IL-15 Ab administration was safe (130, 131).  Thus, our 

studies support the use of anti-IL-15 Ab in vivo in RM, where it may have parallels to 

dosing in humans. 

 

IL-15 and NK cells 

NK cells have been shown to be reliant on IL-15 in vivo in multiple species and 

accumulating data suggested that RM NK cells were regulated by IL-15 as well.  The 

unique role of IL-15 maintaining RM NK cell homeostasis was first revealed in our 

studies investigating γc cytokine signaling.  Whereas nearly all NK cells responded to 

exogenous doses of IL-15 by inducing STAT5 phosphorylation, most NK cell subsets did 

not induce STAT5 phosphorylation in response to doses of another γc cytokine, IL-7.  

Only the CD56+ CD16- NK cells were able to respond to high concentrations of IL-7 by 

phosphorylating STAT5.  Our in vitro data, therefore, suggested that rhesus NK cells 

were also reliant on IL-15 mediated signaling in vivo, similar to mice (130).  Indeed, we 
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found that anti-IL-15 Ab administration to healthy RM caused a significant depletion of 

NK cells in the WB and tissues of RM, which persisted over the course of antibody 

treatment.  Notably, after ceasing anti-IL-15 Ab dosing, NK cells did not begin to 

rebound until close to ten weeks.  The fact that NK cells did not replenish in RM for 

nearly ten weeks supports that IL-15 is necessary not only for NK cell survival, but also 

for early NK cell generation and development (87).  Our data confirmed in rhesus 

macaques what previous studies have shown in other species; IL-15 mediated signaling is 

mandatory for NK cell generation and maintenance in vivo (99, 101, 122, 123, 130).  RM 

NK cell subsets were all dependent on IL-15, but the CD16+ CD56- NK cell population 

was most sensitive to IL-15 mediated signaling, an observation made in previous 

macaque studies (114).  Interestingly, we found that the CD16- CD56+ NK cell subset, 

which was the only subset responsive to IL-7, was the least depleted NK cell subset, 

suggesting that this population may receive homeostatic signals from IL-7 in the absence 

of IL-15.  Remarkably, two separate studies administering anti-IL-15 Ab to humans did 

not cause NK cell depletion.  Although the data is surprising, it is likely that human NK 

cells have evolved to be reliant on other γc cytokine signaling for maintenance in vivo, as 

XSCID humans are NK cell deficient.  The ability of anti-IL15 Ab to practically 

eliminate NK cells throughout the peripheral blood and tissues of RM make it a valuable 

tool to test the various roles of NK cell function in health and disease.         

We next used the anti-IL-15 Ab to investigate the function of NK cells during 

SIV-infection.  Anti-IL-15 Ab administration almost completely depleted NK cells of 

RM during chronic SIV-infection.  Surprisingly, NK cell depletion during chronic SIV-
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infection of RM did not change CD4 T cell depletion, viral loads or disease outcome.  

These data indicating that NK cells do not play a major role protecting against SIV 

disease are supported by a recently published study in which JAK3 inhibitor was 

administered to chronically SIV-infected RM.  The JAK3 inhibitor resulted in NK cell 

depletion, but these RMs exhibited only an extremely modest, transient increase in viral 

loads, an effect that was not even observed in all 6 of the RM animals examined (128).  It 

is therefore possible that during chronic SIV-infection, NK cells do not play a dominant 

role protecting against opportunistic infection and NK cells are not driving SIV 

pathogenesis.  However, anti-IL-15 Ab was only administered for a short time during 

chronic SIV-infection, and thus may not have been adequate time to observe disruptions 

of NK cell protection against opportunistic infections during SIV-infection.    

In our studies during acute phases SIV-infection, we began anti-IL-15 Ab 

administration six weeks prior to SIV inoculation.  This led to NK cell depletion prior to 

SIV-infection and NK cell depletion was maintained throughout acute SIV-infection after 

either the 3- or 8-dose regimen of anti-IL-15 Ab.  Interestingly, an absence of NK cells 

during acute SIV infection did not change peak or plateau-phase viral loads, CD4 T cell 

depletion, or long-term survival of RM.  Our studies do not preclude a role for NK cells 

in preventing natural infection where a single infected cell is thought to lead to systemic 

infection, as our system used a high-titer dose of SIV that ensured infection of all 

animals.  Nonetheless, after the initial take of infection, our study shows that NK cells are 

not a primary force in either controlling or exacerbating pathogenesis during acute SIV 

infection. 
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IL-15 and T cells 

IL-15 has been documented to regulate T cell populations in vivo and our studies 

investigating IL-15 regulation of RM lymphocytes revealed a primary role for IL-15 in T 

cell homeostasis as well.  We started our experiments with in vitro studies, and first 

determined the ability of IL-15 and IL-7 to signal distinct T cell subsets.  We observed 

that both IL-15 and IL-7 were able to signal all T cell subsets via STAT5 

phosphorylation, though to varying degrees.  Although there were slight differences in 

the abilities of IL-15 and IL-7 to signal CD4 versus CD8 T cells, overall both CD4 and 

CD8 T cells exhibited similar patterns of STAT5 phosphorylation in response to doses of 

IL-15 and IL-7.  The similar in vitro response of CD4 and CD8 T cells to IL-15 supports 

the accumulating data that IL-15 is imperative not only to CD8 T cell homeostasis, but 

also to CD4 T cell homeostasis as well (25, 32, 60, 110).   

Regardless of CD4 or CD8 expression, IL-15 and IL-7 had differing abilities to 

induce phosphorylation of STAT5 in memory versus naïve T cells.  Whereas effector 

memory phenotype subsets TEM and TTM were highly responsive to IL-15, TEM and 

TTM subsets were considerably less responsive to IL-7.  This in vitro data potentially 

suggested that in vivo TEM and TTM populations were regulated primarily by IL-15 and 

to a lesser extent by IL-7.  In contrast, TN and TCM subsets demonstrated a distinct 

phenotype, being highly responsive to IL-7 but only slightly responsive to IL-15.  The 

result that TN and TCM cell subsets were more sensitive to IL-7 supports abundant data 

in the literature, which show that TN and TCM subsets’ homeostasis are primarily 

regulated by IL-7 in vivo (in addition to MHC interactions in the case of TN) (57-59, 157, 
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158).  However, the observation that TN and TCM are able to induce STAT5 

phosphorylation in response to IL-15, suggested that IL-15 was potentially involved in 

the regulation of these T cell subsets as well.   

To understand how IL-15- and IL-7-induced STAT5 phosphorylation affected 

downstream changes in different T cell subsets, we next cultured sort-purified T cell 

populations in vitro with either IL-15 or IL-7.  Notably, we observed that IL-15 induced 

the proliferation and differentiation of both TN and TCM to TEM in vitro when cultured 

with monocytes.  In contrast, culture of either TN or TCM with IL-7 and monocytes led 

to only modest enhancement of T cell proliferation.  Thus, IL-15 may regulate the 

homeostasis of TN and TCM populations by driving their differentiation to effector 

phenotype cells.  Although not generally ascribed as a main function of IL-15, the ability 

of IL-15 to drive differentiation of effector memory T cells has been previously reported 

in the literature (25, 110).  

Anti-IL-15 Ab treatment of healthy rhesus macaques revealed several aspects of 

TM homeostasis.  Our in vitro data showed that IL-15 can drive the proliferation and 

differentiation of TN and TCM to TEM, an observation which has been reported in the 

literature (25, 110).  Thus, in the absence of IL-15 mediated signaling, we may have 

expected an increase in TN or TCM absolute numbers as fewer of these cells were 

induced to differentiate to TEM.  However, our data administering anti-IL-15 Ab to RM 

showed no change to TN or TCM absolute numbers or Ki-67 expression in WB over the 

course of treatment.  Thus, TN and TCM differentiation to TEM may be an in vitro 

artifact caused by physiologically irrelevant high doses of cytokine.  We did observe an 
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initial decline in TEM absolute numbers following anti-IL-15 Ab treatment, which may 

in part be due to decreased production of TEM from recently differentiated TN and TCM.  

It is therefore possible that IL-15 is inducing some TEM differentiation from TN and 

TCM in vivo.  It is more likely, however, the decline in TEM absolute numbers is caused 

by decreased viability of TEM.  Interestingly, following anti-IL-15 Ab administration 

during acute SIV-infection, we did observe a long-term decline of CD4 and CD8 TN 

absolute numbers.  Thus, IL-15 may indeed have a role in TN homeostasis that has not 

previously been characterized.       

Interestingly, anti-IL-15 Ab treatment of healthy rhesus macaques revealed a 

unique facet of TEM homeostasis.  In the absence of IL-15 signaling, TEM numbers 

initially declined to approximately 30-40% of baseline levels.  Strikingly, after two weeks 

of anti-IL-15 Ab dosing, TEM exhibited a burst of proliferation that corresponded with 

an increase in cell absolute numbers back to pre-treatment levels in WB.  Our data 

suggest that TEM proliferation represents a homeostatic response to declining absolute 

numbers rather than the anti-IL-15 Ab exhibiting an activating role in vivo.  Previous 

studies have reported that although some antibodies against γc cytokines displayed 

blocking effects in vitro, the same antibodies became activating in vivo and amplified 

cytokine mediated signaling (159-164).  Notably, in cases where an antibody against a γc 

cytokine demonstrated in vivo cytokine signal amplification, all observed in vivo effects 

were activating with no blocking effects.  Our anti-IL-15 Ab, in contrast, showed 

blocking effects in vivo, such as decreased phospho-STAT5 levels, NK cell depletion, 

and T cell depletion, thus confirming our anti-IL-15 Ab caused an IL-15 signal blockade 
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in vivo.  We also considered that T cells maybe indirectly induced to proliferate in 

response to anti-IL-15 Ab forming immune complexes that stimulate Fc receptors.  To 

test this possibility we administered the same anti-IL-15 Ab with a mutated Fc receptor-

binding site and observed this had no effect on antibody mediated IL-15 signal blockade, 

T cell or NK cell dynamics.  We thus concluded that the TEM proliferation observed two 

weeks following anti-IL-15 Ab treatment was not an artifact of the antibody dosing itself, 

but rather indicated a separate homeostatic event.   

 We considered that, during anti-IL-15 Ab administration, a homeostatic factor 

other than IL-15 maybe inducing TEM proliferation as a backup system to maintain 

population numbers in vivo in the absence of IL-15 signaling.  Measurements of plasma 

cytokine levels revealed no changes in other known immune-modulating cytokines 

including IL-7, TNFa, and IL-12.  Interestingly, despite the fact that IL-7 levels were not 

changed in the plasma of anti-IL-15 Ab compared to IgG control Ab treated RM, our data 

suggest that IL-7 could be involved in the observed homeostatic TEM proliferation.  Our 

phosflow data revealed that a significantly increased percent of both CD4 and CD8 TEM 

were able to induce STAT5 phosphorylation in response to IL-7 ex vivo after anti-IL-15 

Ab treatment compared to control Ab treatment.  Confirming this observation in vivo, 

when anti-IL-15 Ab treated RM were dosed with IL-7, CD4 and CD8 TEM absolute 

numbers significantly increased compared to IgG control Ab treated RM dosed with IL-7.  

Interestingly, a previous study in RM showed that in vivo JAK3 inhibition caused CD8 

and CD4 T cell depletion, but T cell numbers only rebounded after cessation of inhibitor 

dosing (129).  This study suggests that a separate JAK3 mediated signaling event, 
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potentially IL-7 signaling, may be involved in the proliferation and accumulation of CD4 

and CD8 TEM cells after IL-15 signal blockade in our system.  Taken together and in 

line with our in vitro signaling data, it is likely that TEM are able to receive homeostatic 

signals from both IL-15 and IL-7 in vivo that help maintain TEM numbers despite 

immune system perturbations. 

We further characterized the anti-IL-15 Ab induced TEM proliferation by 

identifying where in the RM TEM were proliferating.  To that end, we dosed RM with 

BrdU at the peak of anti-IL-15 Ab induced TEM proliferation and immediatedly 

harvested tissues to monitor BrdU incorporation, and thus proliferation of TEM 

throughout the body.  We observed significantly increased proliferation of TEM in WB, 

LN, kidney, lung, and liver, but we did not observe increased TEM BrdU incorporation in 

mucosal sites such as the BAL, colon, jejunum, ileum, or vaginal mucosa.  This 

restriction of the homeostatic TEM proliferation to select tissues and organs further 

implicates that IL-7 is involved in the TEM homeostatic proliferative response.  Although 

stromal fibroblastic reticular cells in lymphoid organs have been observed as primary 

producers of IL-7 (165, 166), IL-7 expression has also been detected in liver and kidney 

tissue as well (167).  Thus, TEM proliferation was observed primarily in sites known to 

produce IL-7.   

Because TEM proliferation was widespread in the body, we used immunostaining 

to visualize multiple tissues throughout the body to help identify any systemic phenotypic 

effects that were associated anti-IL-15 Ab compared to IgG1 control Ab treatment in RM.  

Interestingly, after anti-IL-15 Ab administration, we observed a significant increase of 
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active caspase-3 staining in tissues of RM compared to IgG control Ab dosing.  Active 

caspase-3 has been shown to be a cellular mediator of apoptosis, likely indicating that 

cell death is increased in multiple RM tissues after IL-15 signal blockade (168).   

 An increase in active caspase-3 expression, indicating widespread cellular 

apoptosis was initially surprising because we observed the induction of TEM 

proliferation and rebound of absolute numbers in WB suggesting that the TEM 

population was receiving homeostatic signals that were supporting their renewal after 

depletion following IL-15 signal blockade.  However, despite accumulation of TEM 

absolute numbers toward baseline levels in WB, TEM continued to proliferate throughout 

anti-IL-15 Ab administration potentially suggesting the population numbers were 

unstable.  Furthermore, TEM remained relatively depleted in some tissues such as the 

colon following anti-IL-15 Ab treatment and TEM homeostatic proliferation.  In an effort 

to understand these observations, we used microarray to analyze TEM expression profiles 

at the peak of their proliferative response to anti-IL-15 Ab compared to IgG control Ab 

administration.  We observed an upregulation of activation and cell cycling genes 

indicating the cells had been induced to proliferate.  Interestingly, there was also an 

increase in mitochondrial dysfunction genes associated with a deficit in cell energy.  Our 

data thus suggests that TEM are becoming activated and entering into cell cycle, but once 

into cell cycle the TEM do not have adequate energy to complete replication and become 

pre-apoptotic; taken together, this data indicate that TEM are turning over at an increased 

rate.   
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Overall, our in vitro data suggest that RM IL-15 is involved in the homeostasis of 

both CD4 and CD8 TM cells.  Interestingly, our data demonstrate that T cell dependence 

on IL-15 varies with the differentiation status of the TM cell subset.  From our 

experiments administering anti-IL-15 Ab to RM, we confirmed that in vivo, IL-15 

primarily functions to maintain effector memory T cell homeostasis.  In the absence of 

IL-15 mediated signaling in RM, another homeostatic factor, likely IL-7, maintained 

TEM numbers but TEM exhibited a high-turnover homeostasis.  Based on our own 

observations and data in the scientific literature, we propose a model whereby both IL-15 

and IL-7 share regulation of TM homeostasis, though to varying degrees depending on 

the differentiation status of the TM subset (Figure 5-1).  Whereas IL-7 primarily supports 

TCM homeostasis, IL-15 primarily supports TEM homeostasis and drives TEM 

differentiation from TCM.  However, it is likely that both TCM and TEM are able to 

receive homeostatic signals from both IL-15 and IL-7, in vivo, to help maintain TM 

homeostasis despite immune system perturbations.   

        

Figure 5-1 – Proposed model of TM homeostasis shared by both IL-15 and IL-7 - IL-15 and 
IL-7 share regulation of TM homeostasis, though to varying degrees depending on the 
differentiation status of the TM subset.  Whereas IL-7 primarily supports TCM homeostasis, IL-
15 primarily supports TEM homeostasis and drives TEM differentiation from TCM.  However, it 
is likely that both TCM and TEM are able to receive homeostatic signals from both IL-15 and IL-
7, in vivo, to help maintain TM homeostasis despite immune system perturbations. 
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Ag (IL-15) 

IL-7 IL-15 
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We next used the anti-IL-15 Ab to understand how IL-15 affects T cell 

homeostasis during SIV-infection.  Following anti-IL-15 Ab administration during SIV-

infection, CD4 and CD8 TEM cell populations were initially depleted.  CD4 and CD8 

TEM cell populations were induced to proliferate which was associated with a rise in 

TEM absolute numbers back to pre-treatment levels.  Increased proliferation was 

sustained throughout anti-IL-15 Ab treatment during both chronic and acute-phase SIV-

infection.  Surprisingly, increased proliferation did not cause an increase in depletion of 

CD4 T cells or an increase in viral loads due to increased numbers of viral target cells.  

Moreover, disease outcome remained unchanged in anti-IL-15 Ab compared to IgG1 

control Ab treated RM during both acute- and chronic-phase SIV infection.   

 We monitored SIV-specific CD4 and CD8 T cell responses during both chronic 

and acute phase SIV-infection to understand how an IL-15 signal blockade would change 

antigen specific T cell responses during SIV-infection.  IL-15 has been shown to increase 

the production of SIV-specific CD4 and CD8 T cell responses; however, during chronic 

SIV-infection, anti-IL-15 Ab administration caused no changes to SIV-specific CD4 or 

CD8 T cell responses compared to IgG control Ab administration.  We did observe, 

however, anti-IL-15 Ab treatment led to decreases in SIV-specific CD4 and CD8 T cell 

responses in the whole blood during acute SIV-infection.  Additionally, we observed a 

significant decrease in SIV-specific CD4 and CD8 T cell responses in the BAL following 

anti-IL-15 Ab administration during acute SIV-infection.  Thus, our data support that 

production and maintenance of SIV-specific CD4 and CD8 T cell responses during acute 

SIV-infection are dependent on IL-15 signals in RM (104, 106-108).  Our studies in 
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healthy RM indicate that CD4 and CD8 TEM absolute numbers can be supported by a 

homeostatic factor other than IL-15, likely IL-7.  Thus, our data suggests that IL-7 is not 

able to maintain TEM function and antigen specific responses to the same extent that IL-

7 is able to support absolute numbers and TEM homeostasis.   

 

IL-15 and SIV pathogenesis 

During pathogenic HIV/SIV infection and the resulting chronic immune 

activation, significantly increased IL-15 levels have been measured, potentially 

implicating increased IL-15 in driving depletion of CD4 T cell populations and 

pathogenesis (111, 135, 139, 140).  Indeed, our measurements of IL-15 demonstrated 

increased IL-15 levels in both plasma and tissues of SIV-infected RM, confirming a 

dysregulation of this homeostatic cytokine during SIV-infection of RM.  Of note, we also 

observed that sort-purified CD4 T cells from SIV-infected RM displayed a significantly 

delayed proliferation response when cultured with both γc chain cytokines IL-15 and IL-

7.  Anti-IL-15 antibody administration, however, did not significantly alter T cell 

depletion, viral loads, or disease outcome compared to control treated RM during either 

acute or chronic phase SIV-infection.  Moreover, during chronic SIV-infection, we found 

that levels of other homeostatic cytokines measured in the plasma did not change in 

response to anti-IL-15 Ab administration, suggesting that increased IL-15 is not affecting 

changes in other cytokines.  Thus IL-15 by itself is not a key factor either driving or 

protecting from pathogenesis.  Rather it is likely IL-15 levels are dysregulated as a result 

of chronic immune activation, but not a primary driver of chronic immune activation.   
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Although previous studies showed that increased levels of IL-15 during SIV 

infection correlated to increased plasma viral loads and worse disease outcome, we 

observed that blockade of IL-15 signaling during acute SIV infection did not change 

either peak- or plateau-phase plasma SIV viral loads (111).  Moreover, we did not see a 

change in disease progression following administration of anti-IL-15 Ab either during 

acute or chronic phase SIV-infection.  Our data strongly suggest that although a 

correlation of plasma IL-15 levels and SIV plasma viral loads may exist, there is likely no 

causal effect of increased plasma IL-15 resulting in higher SIV viral loads.  This supports 

previous data that showed that CD8 T cell depletion led a spike of IL-15 and rapic 

disease progression during SIV infection, but when IL-15 was neutralized rapid 

progression was not stopped.  Rather, rapid progression was caused by a lack in CD8 T 

cell protection during infection (154).  Taken all together, our data shows that increased 

IL-15 levels during SIV infection do not play a primary role driving SIV disease 

progression and CD4 T cell homeostatic failure and depletion.  
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