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Abstract
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only a smal HI Jpoepcuilfaitci oG 8p fiant®e ed d Is| folldicles w
producing cell s ar edunoisntg hcihgrhol syi arroienncfreendgt toiraoct neé c |
account for the failurel 9 pt hkia kot kmogvh Whethet o f ul
this phenomenon also occurs during early infectigho r e owheert,h er f od @ cciufl iacr
CD8 T <cells are functional in suppr@ismiag Vvi
i mmunodeficienoyevtiedsrli&sd ¥ macaques are a (¢
resealrnchtthe present study, we determifakdi thlkeat o
SI-¥pecific CD8 T <cell s-i mnhedtyemmahraneosdissy fsiam S
tetramer staining combined i mmunohistochemistrtr
analWeifsaound that during chronic SIV infection
i nhibitiormebVysFoapl3luibcsudtimaoiSlivce CD8 T cell s ar
suppress viirnal\Siméop lairc dtoi wrh oani e v ieshpbeeca ffii&m MC D 8
cells migrate into B cell fodalsehest dafri nlygeear
possess cytolytic functi ona dlovlévesopfglicuasSdV vi r al
specific CD8 T cells from GCs during early infection nsy the stagéor the establishment of
persistent chronic infection.T he s e fpndvinds i mportanwv i nsi g
i mmunopat hogempesrnts HKINd cure strategies -that a
specific CD8 T cellWe taol sen hawaleu ALiB@,t bceome fr d C
humaf 5l supdertageanmd pontmunosti mula¥pegi Mobe€DBe T
in chronicfad dtyedS I Whesus mac-8@8qdreisve sVedif amatdi ¢ ha

of SSp¥cific cDs8 T cell s i n | vi mpahsoci & i g niisfsiuceas



accumul st&¥peciofic CD8 T cells in B cel-l foll
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Chapter 1

Introduction



HIV Background

Human immunodeficiency virus type 1 (H) is the cause of acquired immune
deficiency syndrome (AIDS) which continues to be a severe global pandemic. Since the 1980s,
HIV has infected over 53 million people and caused more than 20 million déatGsirrently,
more than 36 million people worldwide are living with HIV and there are still around 1.8 million
new infections annually ("Fact shéetatest statistics on the status of the AIDS epidemic".
UNAIDS.org. 2016). Although great effort has beevested in the development of effective
antiretroviral therapy (ART) to limit HIVL replication and progression to AIDS, a protective

vaccine and a sterilizing cure are still unavailable.

After infection, HIV preferentially infects CD4+ T cells, a key qmnent of the human
immune system, and results in a progressive loss of CD4+ T(2dl)sIn the absence of
treatment, continuous | oss of CD4+ T cell s wil
immune systemando mpr omi se the hostdés capacity to figh
patients unprotected to a myriad of pathogens in the natural environment. Any infection,
normally insignificant to healthy individuals, may lead to severe a health crisis or eatr) of

HIV infected patients.

The discovery and global impact of HIV

In 1981, AIDS was first observed in clinic in a cluster of young homosexual males with
pneumocystis pneumonia (PCR) rare opportunistic infection that almost only occurred in
seveely immunocompromised patier(). During the same time period, a relatively berfigm
of skin cancer called Kaposi 6s sarcoma, whi ch
young homosexual men in the United Stdé&es’). Ar ound two years | ater,
group declared that they isolated a virus that may be the causative agent of AIDS athdt name

lymphadenopathwassociated virus (LAV{8). In the same year, another group led by Dr. Robert



Gallo announced that their isolated virus named humigmphotropic virusedll, or HTLV -llI

was the cause of AID). In addition, Dr. Jay Levy and his colleagues independently published
report about discovery of the AIDS virus and named it the AIDS associated retrovirus (ARV)

(10). These viruses were soon discovered to be the same and arguments about the official name of
this virus ensued. Finally, the International Committee on the Taxonomy of Viruses decided to

use huma immunodeficiency virus (HIV) to name the newly discovered virus in {986

Currently, it is estimated that approximately 36.7 million people worldwide are living
with HIV-1 and the number of new infections in 2016 was about 1.8 million which is lower than
3.1 million in 2001 ("Facsheet Latest statistics on the status of the AIDS epidemic".
UNAIDS.org. 2016). The distribution of HAL infection in the world is uneven. S8aharan
African popul ations, which make up only 10% of
68% of tte  wo r | d infectedHihdWiduals. In addition, around 70% of new infections each
year occur in this regiofl). HIV-1 infection remains a lifelong physical and psychological
torment for infected individuals as well as an enormous economic burden for society. Globally,
most HIV transmission is occurring by unprotected intercourse where girls and young women
represent @articularly vulnerable group. HIV can be transmitted by blood or blood products
where routine donor testing is not available. HIV infection is also prevalent among intravenous

drug abusers through the use of contaminated needles.

Origins and structure of HIV

HI'V belongs to the genus Lentivirus, famil.y
Viruso, takes a |l ong time to cause serious dis
specieq11). There are two major types of HIV: HIY and HI\L2. HIV-1 has higher virulence

andinfectivity, and can be further classified into groups M, N and O. Group M is responsible for



the majority of HIV infections worldwidél2-14). In contrast to HIV1, HIV-2 is much rarer, less
virulent and largely restricted to West Afri¢4). (HIV-1 is referred to as HIV from this point

on.)

The HIV virion is about 120nm in diameter with 2 identical copiea pbsitive polarity,
singlestranded RNA genome that encodes the nine genes of the virus. The HIV RNA genomes,
along with the nucleocapsid proteins, reverse transcriptase, integrase and protease, are enclosed
by a conical capsid which consists of p24 prot&éhe capsid is, in turn, protected by the matrix
which is made of p17 protein. This entire structure is surrounded by the viral envelope which is
comprised of viral glycoproteins (gp) and components acquired from the infected host cell
membrane when newral particles bud out from the c€ll5, 16) Heterodimers consisting of
viral proteins gp120 and gp41, are embedded in the envelope adtfmers, and play a critical

role in attachrant and initiation of the infectious cyd&7) (Fig. 1)

The HIV genome has 9 genes that encode 19 proteins (three majorggenps! and
eny, six regulatory genesat, rev, nef, vif, vpr, ard vpu) (Fig. 2). Thegaggene is translated to
generate precursor polyproteins which in turn are cleaved to produce the viral structural proteins
(the matrix protein, the capsid protein and the nucleocapsid préi8n)rhepol gene produces
the viral enzymes including reverse transcriptase, integrase and protease which are critical for
viral replication. Theenvgene encodes precursor proteins to produce viral surface gretein
as gpl20 and gp41 that are key components for HIV to bind and enter the hd€)c€&he
proteins encoded kgt andrev genes are important to enhance the viral gene expression and
promote viral replicatiori20). The function®f nefprotein include enhancement of viral
infectivity, downregulation of HLA/MHC class | and class Il molecules and stimulation of viral
replication(21-23). Thevif protein helps neutralize the action of host antiviral proteins such as

APOBEC3G(24, 25) Thevpuprotein functions to efficiently release new viral particles from the



infected cell426). The vpr protein promotes HIV pathogenesis by arresting the host cell cycle in

G2 phase to stimulate virus transcript(@).

The life cycle of HIV

The life cycle of HIV starts with the interaction of the envelope glycoprotein, gp120, and
CD4 molecules on the surface of target cells such as CD4+ T cells, macrophages and dendritic
cells(28). Following on from the interaction between gp120 and CD4, there are conformational
changes that allow gp41 to interact with H\ rexeptors, either CXCR4 or CCRS5, to complete
membrane fusion and viral ent{39-32). After the fusion and entry are completed, core
structures containing viral RNA genomes are released into/tbplasm and the genomic RNA
is converted into doublstranded viral DNA by the combined enzymatic activities of viral
reverse transcriptase. After translocation into the cell nucleus, the viral DNA is inserted into the
host cell genome by the viral intege to create a provir(33). Once the integration is
completed, the provirus can lead to either a latent infection by producing femcopies of new
virus, or an active infectio(20, 34) Under conditions of little or no provirus transcription,
progeny virion formation des not occur and the infected cell could be considered to be in a
guiescent but chronicaliynfected state. The provirus can be recognized and transcribed by host
RNA polymerase Il and that active transcription is necessary for a productive infectionth&%hen
provirus is activated, materials required for producing new viral particles start to be synthesized
by using the host machinef®0). Newly formed viral cores assemble below the cell membrane
where tle envelope proteins gp120 and gp41 have accumulated. During budding, viral particles
incorporate substantial portions of the cell membrane along with gp120 and gp41 to form a viral

envelopg(35). During the releasing process, the cleavage of Gag and GagPol polypgtein



protease triggers the maturation of infectious viral particles. Finally, the newly generated mature

viral particles are ready to infect new target cEB).

Non-human primate model for HIV infection

Norn-human primate models have become a critical resdardeetter understanding of
human disease progression and development of vaccines and effective therapeutic strategies. For
quite a long time, simian immunodeficiency virus (SlWfected rhesus macaques have been
commonly regarded as the best animal méateHIV research(37). Like HIV, SIV also belongs
to the genus of lentivirus and is closely related to HIV in genetic stru@8r&89) SIV-infected
rhesus macaques develop clinical syonps of disease and show progressive changes in lymph
node structure which are very similar to disease progression of HIV infection in h(BBad&
44). Different strains of SIV, either pathogenic or faathogenic, can be used in rhesus macaque
models to help improve understandirfgtdV pathogenesis, and develop an effective vaccine and
functional curg37). Generally, Slvinfected rhesus macaques, an indispensable animal model

for HIV infection in humans, has been widely used in both basic and applied research.

Stages of HIV infection

There are multiple stages of HIV infection. It is extremely hard to study the earliest
stages of HIV infection in human patients because, ethically, treatmenbenaffered
immediately when infection is suspected or confirmed and, in many patients at all stages of
infection, it is impossible to define the exposure event leading to primary HIV infection.
Therefore, SlVinfected rhesus macaques have been useddy 8te early stages of HIV

infection. After experimental intravaginal infection, the virus crosses the mucosal barrier, infects



and replicates predominantly in CD4+ T cells close to the portal of entry. In this process, not only
activated and proliferatqqCD4+ T cells, but also resting CD4+ T cells are infected. Among the
infected CD4+ T cells, proliferating cells serve as a slwet population that generates many

viral particles, while resting cells may contribute to the latent and chronic infe©tiloer

susceptible cells in this area such as macrophages and dendritic cells may also bg4afected

46). Sometime within the first-8 days of infection, virus infected cells migrate to the draining
lymph node and distal lymphatic tissues including theagsbciatedyimphoid tissue (GLAT)

through the bloodstream and lymphatic syséi). Once virusinfected cells reach the lymphoid
tissues, where many CD4+ T cells are located, easy access to target cells leads to high level viral
replication ad a peak viral load occurs between 10 to 14 days post inféd8arCD4+ T cell
numbers decrease rapid$Q). During this process, a stable@alireservoir of chronically infected

cells becomes established in lymphoid tissues. The large pools of virus arihféctsd cells

cannot be fully eradicated naturally by this time even though the host immune system is still
functional and has been préd to recognize H\Specific antigens. In this stage of infection,

many infected individuals only develop mild influed#a symptoms and may not know that

they are infected with HI\{50-53). Early infection is followed by an asymptomatic phase during
which the patients typically show no clinical disease. This stage, which is called clinical latency
or chronic infection, can last anywhere from three to twenty years without tredBvdit).
Progressive loss of CD4+ T cells also occurs in this phase. When the CD4+ T cell count is lower
than 200 cells/pL, which meets the definition of AIDS, most patients start to develop
opportunistic infections and virhduced cancer In the absence of specific treatment, the

majority of patients succumb to the complexities of immunodeficiency syndrome and die within

1-2 yearq48).

Mechanisms of HIV and SIV to evade hosimmune response



Both HIV and SIV have multip mechanisms to evade attack and elimination by the host
immune system. After infection, antibodies are developed within a few weeks of detectable
viremia. However, these early antibodies dono6t
Neutralizing atibodies which have the potential to protect against HIV develop months later
(57). Studies showed that HIV can evade vigorous neutralizing antibody response in many ways.
The envelope protein@mplexes on the surface of virion can serve as a direct antibody target
(57, 58) Nonetheless, extensive glycosylation of the envelope proteins results in masking key
epitopes. The modified surface prioefurther act as a shield to protect other more vulnerable
eptitopes by minimizing the physical access of antibody to these viral ep{Eye0)

Moreover, quick generatioof virions with unrecognizable antigens to the present antibody
repertoire by rapid mutation makes a sterilizing antibody response impdg€ipél) HIV

mutation also seriously weakens CD8+ T cells immune response. HIV is able to change the main
epitopes recognized by CD8+ T cells by mutating correspgrgenes to form escape variants.

These variants make recognition of the virus difficult for CD8+ T ¢6Rs 63)

T regulatory cells (Treg) play a pivotal role in maintaining immunologicaltstdfance,
controlling autoimmune diseaé@4, 65) and suppressing immune activat{é®, 67) This cell
population may also be utilized by HIV to promote its immune evasion. Previous studies showed
that Treg may downregulate T cells response to facilitate theiviieted cells to escape

immune surveillance during HIV and Sixfection (68-70).

Quick establishment of productive infection is another way that HIV may use to escape
the host immune response. Previous research showed that productive systemic infection of SIV
and peak virus production in tissues were established between 7 to 10 stagésgtion. While
virus-specific CD8+ T cell immune response typically was not fully developed until 21 days post
infection(71, 72) Therefore, the relatively late specific immune response is unable to fully

control the established productive systemic virus infectio



HIV may also escape immune surveillance by hiding in an anatomical sanctuary in the
host. During chronic HIV and SIV infections, vifpsoducing cells are concentrated within B cell
follicles in secondary lymphoid tissu€&3-77). In rhesus macaques undergoing loeigm, fully
suppressive combined antiretroviral therapy (CART), residual SIV infection is also preferentially
localized in B cell follicleg78). A number of studies showed that Hi&d SI\tspecific CD8+ T
cells are typically most concentrated in T cell zones outside B cell follicles in lymph node and
spleen tissues and, therefore, are largely excluded from fo{i€3e§4, 79, 8Q)Thus, B cell
follicles appear to be somewhat of an immunoprivileged site in which-sjresific CD8+ T

cells areunable to clear all viruproducing cells.

Current methods to treat HIV infection

Currently, there is no cure for HIV infection. However, building on decades of basic HIV
research, effective antiretroviral drugs have been developed to target different steps of the HIV
life cycle. Drugs, that bind to the chemokine receptor CCR5 orefiralope protein gp41, serve
as fusion and entry inhibitors are able to prevent HIV from entering into target8ielB2)
Moreover, inhibitors that target viral reverse transcriptase, integrase and protease are available
(83). Nucleoside reverse transcriptase inhibitors consist of ¢baininator deoxynucleotide
anal ogues thygdaokyl groapook thetdbosyribdsie moiety which is required for
synthesis bthe viral DNA. They impair viral replication by competing with the natural
deoxynucleotides. The newly synthesized viral DNA chain cannot further elongate once
nucleoside reverse transcriptase inhibitors have been incorp(84)e®n the other hand, nen
nucleoside reverse transcriptase inhibitors are able to bind to the viral reverse transcriptase
enzyme directly to induce conformational changes, thus interfesithgactive site function and

independently disrupting the viral replicati(85). Protease inhibitors prevent cleavage ofghg



precursor polyprotein into mature viral structural proté8®. Integrase inhibitors interfere with

viral replication by preventing the dble-stranded proviral DNA from integrating into the host

cell genomg87). Combinations of multiple antiretroviral drugs have been Widpplied and

current standard of care therapy in the USA is based on three drug combinations. This combined
treatment regimen is now known as antiretroviral therapy (ART) and has significantly decreased
the morbidity and mortality of HIV infection, amtolonged the longevity of HIV infected
patients(88). Studies have shown that a combination of different drugs that target 3 or more steps

of HIV replication cycle has best curative effect in suppressing HIV infe¢8891).

Although antiretroviral therapies have many benefits for HIV patients, they also come
with unpleasant side effects, such as diarrhea, nausea and vomitirigidegity, lipodystrophy
and skin raslf92, 93) Also, HIV is able to obtain resistance to antiretroviral drugs several
months post treatmentrbugh mutation$92, 93) Furthermore, the drugs can be very expensive
and are often unavailable for patients in underdeveloped countries Wlealisg¢ase is prevalent.
Therefore, development of an effective HIV vaccine or a functional cure to fully eradicate HIV is

still in urgent need.

Host immune response to HIV infection

The immune system plays an indispensable role in controlling andaagdimvading
pathogens in order to protect the host against diseases. The innate and adaptive immune systems
are two separate but interrelated arms with the combined function of host protection. Once
pat hogens breach one mdnspedfieinnat®isimuserespohsgssaiec a | b a
triggered immediately. However, if the pathogen successfully evades innate immune responses,
the adaptive immune system becomes activated producing responses specifically targeting the

pathogen. Here | will mainlyancentrate on the biology of T cells and their role in immune
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responses against viral infection. This is important background directly related to my thesis

project which mainly focuses on HIV/Si#specific CD8 T cell immune responses post infection.

CDA4+ T cells

CD4+ T cells are a key cell population in development and maintenance of both humoral
and cellular immune respong@gl). Naive CD4+ T cells can be induced &cbme Type 1 helper
T cells (Thl), Type 2 helper T cells (Th2), Type 17 helper T cells (Th17) and Tregs under
stimulation of different cytokine@®4-96). Thl cells play an imptant role in immunity against
intracellular pathogens. The key transcription factors of Thl cells are STAT4laeid Thl cells
produce interleukif® (IL-2), interferoro (-» NFand t umorU n(eloNFowhisc h aat ®
of great importance in actitian and proliferation of CD8+ T cel(®4, 95) Th2 cells are
important against extracellular pathogens including parasites. The key Th2 cells transcription
factors are STAT6 and GATA®5S). Th2 cdls produce cytokines such asl,. IL-5, IL-6, IL-10
and IL-13 which play a pivotal role in promoting antibedhediated immunity involving B cells.
Cytokines produced by Th2 cells and direct contacts with Th2 cells stimulate B cell proliferation,
induce atibody class switching, direct affinity maturation and differentiation of B cells into
plasma cells that are the major cell source of antib@fie95) Th17 cells are defined by their
production of Il-:17. They contribute to pathogen clearance at mucosal surfaces. The
dysregulation of these distinct types of CD4 T cells is associated with autoimmune disease and
inflammatory disorder§97-99). The loss of Th17 celleaves the intestinal barrier disrupted
which in turn contributes to chronic HIV infection and disease progression via increased
movement of bacteria out of the dD0). In contrast to the positvregulation of immune

response, Tregs are a subpopulation of CD4+ T cells are able to modulate overactive immune
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response, maintain immunological seiferance and control autoimmune disease. These cells

express CD4, CD25 and Fox(&4-67, 101)

CD8+ T cells

CD8+ T cells, also known as cytotoxic T lymphocytes (CTLs), play a critical role in the
cellular adaptive immune response against viral infections and cancer. There are two main
mechanisms that CD8+ T cells use to trigger apoptosis of target cells., 38y T cells can
secrete lytic molecules such as perforin and granzymes which in turn work together to kill virus
infected cell{75, 102) Perforin is released by CD8+ cytotoxic T cells by exocytosis and is able
to make pores in the membrane ofj& cells recognized by CD8+ T celk03). Granzymes,
include granzymes A, B, H and M, belong to serine proteases fédy Granzyme B
possesses the strongest ability to induce target cell apoptaginizyme familyf105). It can
cleave and activate caspases which in turn trigger cell apofit08is After the pores are formed
by perforin in target cells membrane, granzmyes secret€@DBy T cells enter the target cells
via these pores and induce cell death subsequently via different pa(i@ay407) Secondly,

CD8+ T cells are able to induce apoptosisanget cells through cell surface interactions.
Interaction between Fas ligand (FasL or CD95L) on the surface of CD8+ T cells and Fas (CD95)
drives apoptotic death of target c@lD8, 109) Moreover, CD8+ T cells are able to produce4FN

9 which <can i nh(110)ilt hot only activites anel pedruitnzatraplrages to the
sites of infection, but also induces increased expression of MHC class | molecukdkass w

MHC class Il molecules to facilitate antigen presentatidri).

In addition to the killing mechanisms mentioned above, CD8ellE also have other
non-cytolytic mechanisms to contribute to host immune deféhk2, 113) Anti-viral factors

produced by CD 8-ehenbbkines rmacrephagaiilammatsry pbote@pha and
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-lbeta(MIPLU an-dbMI Bnd géerived facioll (SDFL) dre able to competitively
bind to cereceptors, necessary for HIV attachmehus inhibiting viral entry114, 115)
Furthermore, CD8+ T cells aedso able to suppress HIV replication by inhibiting its

transcription process through CD8+ T cells antiviral factor (CAEP).

T cells recognition of antigen

The first step of T cell immune response against infection is recognition of invading
pathogens. This is accomplished by the ability of the T cell receptor (TCR) to recognize
complexes that are comprised of peptide antigens and MHC class | and Il molecules expressed on
the surface of antigen presenting cells (APCs) or infected cells via surface T cell receptors (TCR).
Two signals are required for activation of both CD4+ and CD84I3. &ignal 1 is triggered by
the interaction between TCGBD3 complexes on the T cell surface and peptidfC complexes
on the surface of APC or infected cells with the assistance-@foaptors (CD4 or CD8
molecules)117). Signal 2 is promed by the interaction between-stmulatory molecules on the
surface of T cells (CD28) and APC (CD80 or CD86). There are two distinct pathways for antigen

presentation.

First, intracellular pathogens including virus are degraded by proteasome irto shor
peptides of 8L0 amino acids. Then these peptides are transported to the endoplasmic reticulum
by transporters associated with antigen processing (TAP) where pelii@eclass | complexes
form. After loading of peptides on MHC class | molecules, thenalsisel complexes are brought
to the cell surface via Golgi apparatus where they can be recognized by cytotoxic MHC class |
restricted CD8+ T cellgl18). Antigen recognition further results in CD8+ T cells activation,
proliferation and differentiation. Once activated, cytotoxic CD8+ T cells play an indispensable

role in eliminating viral infection.
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Second, extracellular pathogens including bdetean be internalized by APC such as
dendritic cells and macrophages. Subsequently, antigens are degraded into peptid&8 are 13
amino acids long in vesicles within APC. These peptides bind to MHC class Il molecules to form
complexes which are brouglat the cell surface for recognition of CD4+ T cells. After antigen
recognition and activation, CD4+ T cells start to proliferate and differentiate, and perform their
functions in inducing and maintaining adaptive immune response such as antibody geaerdation

promote CD8+ T cell activatiof119-121).

Structure of lymph nodes

The lymphatic system, consisting of a series of organs and vessels which carry lymph,
serves as a vital part in initiating adaptive immune responses. Primary lymphoid organs (bone
marrow and thymus) support production and maturation of lymphocytes wkersaslary
l ymphoid organs (including spleen, |ymph nodes
functional sites where immune responses are initiated. After HIV/SIV infection, the vast majority
of virus-producing cells are CD4+ T cells located in secontlamphoid tissue$2, 122, 123)
Within secondary lymphoid tissues, virpeoducing cells are most concentrated witBioell
follicles during asymptomatic chronic infecti¢n3-77). Here, we mainly focus on the events

occur in lymph nodes.

Lymph nodes are small lymphoid organs, widely distributed throughout the body. They
are connected through the lymphatic vessels to form a network as part of the cirayistieny.
A large number of lymphocytes, macrophages and APCs such as dendritic cells (DCs) located in
lymph nodes. Typically, lymph nodes are protected by a fibrous capsule. The part underneath the
capsule is cortex. The outer superficial part of cortexnipdiouses B cells. The deep part of

cortex, also known as paracortex, consists mainly of T cells. The inner portion of the lymph node
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is the medulla which includes many memory B cells, plasma cells and macrophag8p (Fig.
Plasma cell precursors migrdtem cortex to medulla, mature into plasma cells and secrete
antibodies there as wéll24). APCs travel through the lymphatic system within lymph. APC

enter the lymph nodes through a series of afferent lymphatic vessels and passdiferent
compartments via a system of sinuses and eventually exit the lymph node through efferent
lymphatic vessels. In this process, APC expressing foreign peptides on surface MHC molecules
encounter the B and T lymphocytes in the cortex and paracéXx bearing foreign antigens

will activate lymphocytes with surface receptors capable of recognizing specific peiptide
complexes and initiate specific immune response. Activated and memory B and T lymphocytes
also circulate through the body and couatosly traffic between blood stream and secondary

lymphoid organs to search for invading pathogens.

B lymphocytes enter the lymph node through high endothelial venules and home to
follicles in superficial cortex. Chemoattractant CXCL13 produced by fédiialendritic cells
(FDC) drives migration of B cells into follicles by interacting with CXCRS5, the receptor for
CXCL13, on the B cell surfaqd25) Follicles can be further catetged into primary lymphoid
follicles without germinal center (GC) and secondary lymphoid follicle with GC. Upon receiving
antigen stimulation, B cells in follicles start to proliferate and ultimately form §1Q&128).
The GC consists of dark zone and light zone. In the dark zone, B cells go through clonal
expansion, somatic hypermutation and isotypigéching. During this time, rapidly proliferating B
cells are also known as centroblg4t29). As time goes on, some centroblasts reduce their rate of
division and begin to express higher levels of surface immunoglobulin. These cells, termed
centrocytesmigrate from dark zone to light zone for selection. After selection, surviving cells
further differentiate into plasma cells or memory B cells and exit the lymph node via efferent
lymphatic vessel§130). During the GC reaction, resting B cells not experiencing this process are

displaced to the edge of follicles and form the follicular mantle zone. Therefore, a fully formed
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secondary lymphoid follicle includes both a GC and a mantle zone. dufallihelper cells (&)

and FDC are very important for the GC reactios, & specialized subset of CD4+ helper T cells
that express CXCR5 which is required for migration into B cell follicles, play a critical role in
facilitating selection, survival, flerentiation and antibody production of B cgli81, 132) FDC

can capture large numbers of antigens in the form of immune complexes. Binding to these
immune complexes presented by FDC provides an indispensable stimulus for B cell expansion

and differentiatior(133).

Role of B cell follicles in HIV and SIV infection

Virus-producing cells are highly concentrated within B cell follicles in both
asymptomatic chronic HIV and SIV infectio(&3-75, 77) Furthermore, many studies have
identified B cell follicles in secondary lymphoid organs as important anatomical reservoirs of
residual productive HIV/SIV infection in controllers who can suppress viral réiplicaither
spontaneously or passively4, 75, 77, 78, 13436). CD4+ T cells located within B cell follicle
are aroundiO times more likely to be productively infected by HIV than CD4+ T cells outside B
cell follicles (132). Recently, F4 have been implicated as the primary target and main site of
HIV/SIV infection and reptation inside B cell follicle73-76, 78, 137) Ten expansion has been
reported during chronic HIV and SIV infection, providing increased availability of target cells for
virus replication(138, 139) In the context oéx vivoCCR5tropic GFP reporter virus infection,
Bcl-2, an antiapoptotic protein, is upregulated in CXCR5+ productively infected 0¥ This
suggested that infected:cells may have increased survival during HIV infection with the
conseqguence of prolonged virus production. Moreovgrfunction is severely impaired in
untreated HIV infection which further damages the capability of host immune responses to

control HIV infection(132). During HIV infection, FDC hold many virions as immune
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complexes close togk in B cell follicles(141-143). This extracellular accumulation of virions is
potently infectious to CD4+ T cells, even in the presence of neutralizing antifg@d®sTumor
necrosis factetd ( JUNF r e | e a fuehdr prorgotes HD\Creplication ingkcells via
upreguation of viral transcriptiofi44). Therefore, despite the important positive roles in host
immune responses by facilitating the GC reactions mentioned abewend FDC also

contribute to persistent HIV and SIV infectiofaken together, these findings provide strong
evidence that the B cell follicle is a significant anatomical reservoir for HIV and SIV infection

and impedes complete virus eradication.

CDS8 T cells are indispensable, but not fully effective focontrolling HIV and SIV infection

Numerous studies strongly suggest that CD8+ cytotoxic T lymphocytes (CTL) play an
indispensable role in controlling HIV and SIV infection bottvitro andin vivo. CD8+ T
lymphocytes were demonstrated to be able to sgsdrlV and SIV replicatioim vitro (145,

146). We previously showed that Hispecific CD8 T cells are capable of inducing lysis of
infectedcells in®'Cr release assayg4). The development of HRgpecific CD8 T cells coincides
with a decline in plasma viremia during acute infectibf7, 148) This suggests that CTL are
critical determinants of the initial control of HIV repligat. Effector CD8I cells to virus
infected cell ratios in lymphoid and genital tissiresivo correlate with reductions in viral load
(149) and levels of SI¥specific CD8 T cells in lymphoid compartments predict levels of SIV
producing cells in those compartme(8). Further, disease progression is associated with
diminished HI\: and SIVtspecific CD8 T cells responsgkb0-152) and with mutations in HIV
and SIV at epitopes recognized by Hidhd SI\tspecific CD8 T cell§153-156). Elite control of
HIV, defined as rare HI\positive individuals who have very low or undetectable HIV plasma

viral load in the absence of any HIV medicati¢hS7), is associated with specific MHE@ass |
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alleles and with polyfunctional CTL respong&58-163). Selective pressure from strong

HIV/SIV -specific CD8 T cell responses in elite controllers is reflebiediruses carrying CTL
escape mutationd64-166). Perhaps the most powerful evidence that CTL are important in
controlling HIV and SIV infections comes from experiments inchiCD8 cells were

temporarily depleted in rhesus macaques during chronic SIV infgd#a¥l70), which led to as
much as 100dold increases in plasma viremia, and the subsequent recovery of CD8 cells led to
decreased viremi@ 70). Additionally, another reent study in SMnfected rhesus macaques
showed that CD8+ lymphocyte depletion in elite controllers led to dramatic redistribution of
productive SIV infection from d4 within the follicles into other neifey CD4+ T cells outside

the follicle. The produdte SIV infection was pushed back into follicles upon recovery of CD8 T
cells(78). Nonetheless, despite the suffiti@vidence showing that HNand SIVtspecific CD8

T cells are abundant and functional in controlling virus replication, they are unable to fully
suppress all viral replication or prevent disease progression. Moreover, even the novel immune
therapy of infsing exogenous viraspecific CTL into the patient still failed to significantly

reduce HIV RNA level in plasm@ 71-173). It is not clear why HIV/SIVspecific CD8 T cells are

unable to fully suppress all virus replication.

In contrast to concentrated HIV/SIV replication in B cell follicles, we ahénst
previously observed that, typically, lower level of vispgecific CD8 T cells are located in B cell
follicles compared to extrafollicular regions during both HIV and SIV chronic infe€tian74,
79, 80. Similarly, paucity of CD8 T cells in follicles was also reported in mice. In contrast to the
deficiency in number, recent studies demonstrated that follicular CD8 T cells in mice are actually
able to curtail viral infectiof174). However, whether follicular HIVand SI\tspecific CD8 T
cells are functional in killing viruproducing cells has not been fully understood. Further,
whether SI\fspecific CD8 T cells are able to migrate into GC where FDCs hold large amounts of

infectiousextracellular viriong2, 175)has not been tested yet. Tregs impede and impair the
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proliferation and effector function ofT@ (176, 177)and the programmed cell deatlofgin 1
(PD-1) is strongly related to the functional exhaustion of vepecific CD8 T cell§178-180).
Whether PBL expression and Tregs influence follicular viggeecific CD8 T cells function
remain to be elucidate@XCRS5 is an important follicular homing molecule and all mature B
cells express this molecul@81, 182) CXCRS5 is also necessary for follicular CD4+ T cell
localization(183). However, only a small fraction of virspecific CTL within secondary
lymphoid issues express CXCR33). Whether the lack of CXCR5+ CD8+ T cells ésponsible
for the low level of HIV/SIV(specific CD8 T cells within B cell follicles and failure in
suppressing viral replication inside follicle is not clear. These unanswered questions require
further investigations about virspecific CD8 T cells in thfollicular area during HIV/SIV
infection. By using SIMinfected rhesus macaques, | studied the location, abundance and

phenotype of follicular viruspecific CD8 T cells.

Introduction of ALT-803, a novel 1:15 superagonist complex

Interleukinl5 (IL-15), a 1415 kDa glycoprotein, was simultaneously discovered by two
independent groups in 1994 and characterized as a T cell growth(f&8104.85) It belongs to
¢ 0 mmachainzytokines which also include-R, IL-4, IL-7, IL-9 and I1L-21 (186, 187)
Previous research showed thatll is a critical mediator of immunoglobulin syasiis in B
cells, survival, activation and proliferation of T cells, and generation and function of (nature
killer) NK cells (188). Moreover, 1l-15 is required for longerm maintenance of CD8+CD%#
memory T cell{188). IL-15 knockout mice showed markedly reduced numbers of memory CD8
T cells and NKT cells, and deficiency of NK cells in both number and fungg).
Administration of recombinant K15 in norhuman primates drives significant expansion of

memory CD8 T cells and NK cells in peripheral blood without preferentially increasing Tregs
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which can down modulate immune responses by inhibiting effector CD8 T @5 IL-15 also
prevents apoptosis of T ce(591). Importantly, IL.-15 induces NK cell expansion and
preferential proliferation of effector memory T cells, both CD4+ and CD8+, iritgBéted non
human primate§l92, 193) Taken together, H15 is a good candidate for clinical

immunotherapy.

Unl i k e -thain aytokinesthat girculate as soluble proteins until they bind the
receptors directly on target immune cells;1& is delivered through a novel mechanism termed
transpresentation. In this process;15 first binds the high affinity 15 receptor alpha chain
(IL-15RU) in the endopl as miilé:ILfl&tRiUc wlounm | (e&XR) Tthae nf
complexes are transported to the cell surface where they can stimulate the responding cell through
thell-2 Rb/ 9 C r e c e(j98, 495) In@aditiqn,|the ®-15:IL-1 5RU compl ex can &
internalized via endosomét94). This process likely extends the hEidé of the cytokine and
reduces the demand of oiine production. Like IE15,1L-1 5RU i s al so very i mpo
maintaining lymphoid homeostasis aslil5 RU knockout mice are signif]
cells, NKT cells and CD8 T cel(d96). Together with the short hdife and limited
bioavailability, the unique traRsresentation mechanismat least partially, restricts the
therapeutic application of free415. Development of an HL5 superagonist complex, AEF03,

ameliorates these limitations and promotes clinical applications-d5.IL

A novel IL-15 mutant (N72D) which contains an asggine to aspartic acid mutation at
position 72 showed-fold higher biological activity than wiltlype IL-15 (197, 198) This mutant
can form a stable heterodimeric complex witilll5 RU. The compl ex further
biological activity compared to free 415 (197). ALT-803 consists of two H15N72D:IL-1 5 R U
complexes fused onto a human IgG1 Fc fragmeogether, these modifications give AI8D3
25-fold higher biological activity and a 3bld longer halflife in serum than soluble HL5,

resulting in potent stimulation of NK and memory T céll89). A recent study demonstrated that
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ALT-803 is welltolerated in both mice and cynomolgus macaques at doses up to 100 pg/kg and
does not induce a cytokine storm despite potent activation of NK amdmé cells(198).

ALT-803 is now being explored as a means to directly enhanedi@hiimmune responses in
chronic infection such as HIV. For example, in a humanized mice model of HIV, early
administration of ALT803 induced NK cell cytotoxicity anidhibited acute HIV replication

(200). More recently, ALT803 demonstrated the remarkable ability to both reverse HIV latency
and emhance CD8 T cell recognition of HiMfected cells in a primary vitro cell culture model
(201) Here, | studied thim vivo effects of ALT-803 on SlVfspecific CD8 T cells in the context

of chronic SIV infection in rhesus macaques.
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FIG 1 Structure of HIV virion. Figure adapted from National Institute of Allergy and Infectious

Disease. HowHIV Causes AIDS. National Institutes Health; Bethesda, MD: 2004.
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Figure 2
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FIG 2 Schematic diagram of HAI genome. The total size of HY genome is approximately

9.7 kb. Each of the viral genes is drawn based on the relative orientation in the entire RNA
genome. Arrows point to cleaved protein products. Dashed lines represent R&Ni#gsfhe
number in parenthesis is molecular weight of each protdiR longterm repeatGag group
specific antigenMA matrix protein,CA capsid domainNC nucleocapsid] F transframe protein,

Pol polymerasesPR proteaseRT reverse transcriptasé\ integrase Env envelope proteinSU
surface membrane proteiifM transmembrane proteinVif viral infectivity factor, Vpr viral

protein R,Vpuviral protein U,Nefnegative regulatory factoRevregulator of expression of viral
proteins, Tat transactivator of transcription. Figure adapted from Nkezeetlal Molecular
characterization of HIVL genome in fission yeas®chizosaccharomyces pomb€ell &

Bioscience, 2015, 5:47.

23



Figure 3

Cortex

\/

@,
o

=
Qg ®

Afferent lymphatic vessel

Medulla

Germinal center (GC)

Follicle Efferent lymphatic vessel

Paracortex

FIG 3 Schematic diagram of lymph node structure. Figure adapted floaan e way 0s

| mmunob(@®Eldogy on) .

24



Chapter 2

SIV-producing cells in follicles are partially suppressed by

CDS8" cellsin vivo!

! Reprinted from the Journal of Virologli S, Folkvord JM, Rakasz EG, Abdelaal HM,

Wagstaff RK, Kovacs KJ, Kim HO, Sawahata R, MaWhinney S, Masopust D, Connick E,
Skinner PJ. A Si mi a rroducny celisaindadliles are partiatlyysuppsedr u s
by CD8 cellsinvivad . Vol ume 4180,2016. 111638
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Synopsis

HIV - and simian immunodeficiency virus (SPgpecific CD8 T cells are typically largely

excluded from lymphoid B cell follicles where Hnd SI\(producing cells are most highly
concentrated, indicating that B cell follicles are somewhat of an immune privileged site. To gain
insights into virusspecific follicdar CD8 T cells, we determined the location and phenotype of
follicular SIV-specific CD8 T cellsin sity, the local relationship of these cells to Foxpélls,

and effects of CD8 depletion on levels of follicular §ikbducing cells in chronically SIV

infected rhesus macaques. We found that follicularspldcific CD8 T cells were able to

migrate throughout follicular areas including germinal centers. Many expressggdifiicating

they may have been exhausted. A small subset was in direct contaahavitkely inhibited by
Foxp3 cells and a few were themselves FoxpB addition, subsets of follicular Stspecific

CD8" T cells expressed low to medium levels of perforin and subsets were activated and
proliferating. Importantly, after CD8 depletioBlV-producing cells increased in B cell follicles

and extrafollicular areas, suggesting that follicular and extrafollicular C2@lls have a
suppressive effect on SIV replication. Taken together, these results suggest that during chronic
SIV infection,despite high levels of exhaustion and likely inhibition by Féxqels, a subset of
follicular SIV-specific CD8 T cells are functional and suppress viral replicatiovivo. These
findings support HIV cure strategies that augment functional follicitas-gpecific CD8 T

cells to enhance viral control.
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Introduction

In the absence of combination argtroviral therapy (CART), the majority of HIV
infected individuals experience persistent Higlel viral replication that results in progressive
loss of CD4 T cells, AIDS and death eventually. During chronic HIV and SIV infections, the
vast majority of virugproducing cells are CDA cells located in secondary lymphoid tiss(®&s
122, 123) Within secondary lymphoid tissues, vifpioducing cells are most concentrated within
B cell follicles(73-77). When the frequency of virggoducing cells within follicles and
extrafollicular compartments was adjusted by the frequency of target cells (i.e., eitiesrCD4
CD4" Ki67* cells), there was still significantly higher concentratdrs1V-producing cells in B
cell follicles compared to extrafollicular regions of spleen, lymph nodes, arabgotiated
lymphoid tissue$73). In rhesus macaques undergoing koeign, fully suppressive cART,
residual SIV infection is also preferentially localized in B cell folli/&8). In addition, follicular
dendritic cells (FDCs) within mature B cell follicles hold onto extracellular vir{@n202) and

FDC bound virions are potently infectious to CD4cells(143).

Numerous studies indicate that Cx§totoxic T lymphocytes (CTL) play a key role in
controlling HIV and SIV infections babtin vitro (145, 146)andin vivo. For example, the
development of HIVspecific CD8 T cells during acute infection coincides with a decréase
plasma viremid147, 148) Effector CD8 T cells to virusinfected cell ratios in lymphoid and
genital tissues vivocorrelate with reductions in viral log@i49), and levels of SIVspecific
CD8' T cells in lymphoid compartments predict levels of $idducing cells in those
compartment$73). Furthermore, disease progression is associated with diminishechtl
SIV-specific CD8 T cells responsgd.50, 151, 203)Elite control of HIV is associated with
specific MHGclass | alleles and polyfunctional CTL respondés8, 161, 162, 204)n addition,
HIV and SIV mutate virally encoded CTL epitopes to evade-ti SI\tspecific CD8 T cells

response§l65, 166) Perhaps # most powerful evidence that CTL are important in controlling
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HIV and SIV infections comes from experiments in which CBdéls were temporarily depleted
in rhesus macaques during chronic SIV infec{ib®i7-170), which lead to as much as 106fald

increases in plasma viremia, and the subsequent recovery 6fc€B8ed to decreased viremia
(170) Nevertheless, HIVand SI\tspecific CD8 T cells are not able to fully suppress all virus

replication and prevent disease pragion.

We and others previously showed that H&vd SI\Aspecific CD8 T cells are typically
most concentrated in T cell zones outside of B cell follicles in lymph node and spleen tissues, and
are largely excluded from follicl€g 3, 74, 79, 8Q)Thus, B cell follicles appear to be somewhat
of an immune privileged site in which virspecific CD8 T cells are not able to clear all virus
producing cells. The relatively low levels of follicular virsgecific CD8 T cells can be
explained by a lack of expression of the follicular homing molecule CXCR5 on most lymphoid
CD8" T cells(73). In addition to numerical deficiencies of follicular virsgecific CD8 T cells,

there likely exist other factors that may inhibit follicular virsigecific CD8 T cells function.

Evolutionarily it makes sense for B cell follicles to be immune privileged sites in order to
prevent unwanted CD8I cell cytolytic activity within follicles,which might lead to decreased
ability of B cells to make antibodies. Follicular CDB cells might primarily serve to provide
help to CD4 T follicular helper cells (# cells) or B cells. In support of this thesis, we
previously reported that many SBpeific CD8" T cells dowamodulate CD8 upon entering B
cell follicles (205) and Xu et al. found that CI98 SIV-specific T cells shovimpaired function
(206) In adlition, we frequently observe Sispecific CD8 T cells in contact with B cells, with
their cell membranes intertwined (unpublished data), and Quigley et al., showed that isolated
follicular CD8" T cells, to some extent, supported IgG production in tandlcells(207). Thus,
many follicular SI\(specific CD8 T cells may dowsmodulate cytolytic function in favor of

providing help to B cells to produce SBpecific antibodies.
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There is also evidence that at least some follicular'CD&ells likely maintaircytolytic
function. For example, we found that subsets of follicular-§pecific CD8 T cells express the
cytolytic enzymes granzyme B and perforin, indicating that some folliculat T@8lls have the
capacity for cytolyticfunction (73). Furthermorewe found that levels of SPgpecific CD8 T
cells inversely correlatedvith levels of SIV RNA cells in follicular and extrafollicular
compartments of lymph nodes, suggesting suppression of follicular-priodsicing cells by

virus-specific CD8 T cellsin vivo(73).

In this study, to gain further insights into follicular virsigecific CD8 T cells, we
determinedhe location and phenotype of follicular S8pecific CD8 T cellsin situ, the local
relationship of these cells to Foxp@&ells, and effects of CD8 depletion on levels of follicular
SIV-producing cells in SIV infected rhesus macaqy®e. hypothesize thasubsets of follicular
SIV-specific CD8 T cells evade suppression by T regulatory cells (Tregs), evade functional
exhaustion, display an effector memory phenotype, and can suppress follicular viral reghcation
vivo. Our findings support this hypothesiand further support HIV cure strategies that increase

frequencies of functional follicular virespecific CD8 T cells.
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Materials and Methods

Tissues from chronically SI\tinfected animals

Lymph nodes and spleen were obtained from cajitiee rhesus ntaques of Indian
origin chronically infected with either SIVmac239 or SIVmac251. Five animals were inoculated
with SIVmac251 intravaginally, six were inoculated with SIVmac239 rectally and four
intravenously. Two animals (R03094 and R01106) had <200'@Deklls/mni (Table 1). All
animals were housed and cared for according to American Association for Accreditation of
Laboratory Animal Care standards in accredited facilities. All animal procedures were performed
according to protocols approved by the itagional Animal Care and Use Committees of the
Wisconsin National Primate Research Center and the University of Minnesota. Portions of fresh
lymphoid tissues were immediately snap frozen in OCT and/or formalin fixed and embedded in
parafyn. | m MHCtlassn b dlledes known to restrict SB/p e c i y'cl cealld) 8
portions of fresh lymphoid tissue were also collected in RPMI 1640 medium with sodium heparin
(18.7 U/ml) and shipped overnight to the University of Minnesotadrfaitu tetramer staining.
Four rhesus macaques (rh2515, rh2516, rh2520 and rh2588) in early chronic phase of SIVmac239
infection (59 days poshfection) received 50 mg/kg arfiD8 monoclonal antibody (mAb) MT

87R1 (Nonhuman Primate Reagent Resource, Boston, MA.) to depletec@lB8

In situ tetramer staining combined with Immunohistochemistry

In situ tetramer staining combined with immunohistochemistry was performed on fresh
lymph tissue specimens shipped overnight, sectioned with a compreg@o&end stained
essentially as previously describéd3, 74, 209) Biotinylated MHC-class | monomers were
loaded with peptides (National Institute of Health Tetramer Core Facility, Emory University,

Atlanta GA) and converted to MH@ass | tetramers. Marri1*001 molecules loaded with SIV
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Gag CM9 (CTPYDINQM) peptideg210) or irrelevant negative control peptides FV10
(FLPSDYFPSV) from the hepatitis B virus core protein; Maai008 molecules loaded with

Nef RL10 (RRHRILDIYL) peptides(211) and Env KL9 (KRQQELLRL)peptides(211), and
Mamu-A1*002 monomers loaded with Nef YY9 (YTSGPGIRY) peptided2) Fresh lymph
node and spleen tissues sections were incubated with-8f&$S | tetramers (0.5 pg/ml) alone or
along with goatantrhuman PBL Abs (1 pg/mL, polyclonal, R&D Systems). For secondary
incubations, sections were incubated with rabbii-FITC Abs (0.5 pg/mL, BioDesign, Saco,
ME) and mousantihuman Ki67 Abs (1:500 dilution, clone MM1, Vector), or moase-
human perforin Abs (0.1 pg/mL, clone 5B10, Novacastra), or mangduman Foxp3 Abs (2.5
pg/mL, clone 206D, BioLegend) or mouaatihuman CD20 Abs (0.19 pg/mL, clone L26,
Novocastra). For the tertiary incubations, the sections stained witkagtauman PD1 Abs

were incubated with Cy8onjugated donkegntirabbit Abs (0.3 pg/mL, Jackson
ImmunoResearch Laboratories, West Grove, PA), AlexacéBugated donkegnti-goat Abs
(0.75 pg/mL, Jackson ImmunoResearch Laboratories), andc@yjbigated donkegntimouse

Abs (0.3 pg/mL, Jackson ImmunoResearch Laboratories). All other sections were incubated with
Cy3-conjugated goaantirabbit Abs (0.3 pg/mL, Jackson ImmunoResearch Laboratories), Alexa
488conjugated goaantirmouse Abs (0.75 pg/mL, Molecular gives), and Dylight 649
conjugated goat antiuman IgM (0.3 pg/mL, Jackson ImmunoResearch Laboratories). Sections
were imaged using an Olympus FluoView 1000 microscope. Confesaties were collected
from ~6 um from the surface of the section to4% uminto the tissue. Montage images of

multiple 800 x 800 pixels were created and used for analysis.

Quantitative image analysis

For the determination of levels of SBpecific CD8 T cells and percentages of SIV

specific CD8 T cells that ceexpressed specifc mol ecul es, follicular
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morphologically as clusters of brightly stained closely aggregated Gw2M* cells. Follicular

and extrafollicular areas were delineated using Olympus FluoView 1000 software. Areas that
showed loosely agggated B cells that were ambiguous as to whether the area was a follicle were
not included. Quantification of MH&tramer stained cells within GC and ABE areas was
performed on sections stained with IgM and Ki67 antibodies, where IgM antibody staimsng w
used to delineate follicles and Ki67 antibody staining to delineate GC areas of follicles. GC
delineation was only done in the studies that included Ki67 antibody staining. Far PD
expression analysis, an average of 174 tetraoadls (range, 4813)was analyzed in follicular
regions and 445 (range, 1883) in extrafollicular regions. For quantification of tetramezlls

that were in contact with FoxpZells and express Foxp3an average of 271 tetramearells
(range, 100186) was analyzed in fatlular regions and 294 (range, 1498) in extrafollicular
regions. For perforin expression level analysis, an average of 107 tétamtterange, 2:300)

was analyzed in follicular region and 201 (range382) in extrafollicular region. To determine
levels of perforin expression, tetrarmeells were scored using the following objective criteria as
follows. Tetramet cells with no detectable perforin staining above background levels were
scored as perforin negative. Tetrameglls with perforin staiimg 2-3X greater than background
were scored as perforin low, with perforin stainin@X higher than background as perforin
medium, and those with 10X or greater than background levels and with perforin staining
detectable throughout much of the cytoplagene scored as perforin high. Cell counts were done
on single zscans. While doing the cells counts, we stepped up and down througisdaeszto
distinguish tops and bottoms of cells frommomp eci yc background staining
using a sofvare tool to avoid counting the same cell twice. Quantitative image analysisbf PD
Foxp3 and perforin staining were done with lymph node tissues, while quantitative image
analysis of Ki67 staining was done with both lymph node and splenic tissueseragawf 1.97

mn? (range, 1.12.64 mni) was analyzed for each lymph node and 2.82 (namge, 1.673.98

mnY) for each spleen.
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In situ hybridization combined with immunohistochemistry

In situ hybridization for SIV RNA was performed as previously descrifd&] 75) This
technique identifies cells that are actively transcribing SIV, but not extracellulamsyi
encapsulated in envelope glycoprotein and bound to FDC. Briefly, 6 pum frozen sections were
fixed in 3% paraformaldehyde (SigeAddrich, St. Lousis, MO), hybridized overnight with
digoxygenin labeled SIVmac239 antisense probes (Lofstrand Labs, Ghittger MD) and
visualized using NBTMbromo4-chloro3-indolyl phosphate (Roche, Nutley, NJ).
Immunohistochemistry staining for B cells was performed in the same tissues usingamiuse
human CD20 (clone 7D1; AbD Serotec, Raleigh, NC) and detected uBiRdaleled polymer
antimouse IgG (ImmPressKit; Vector Laboratories, Burlingame, CA) and Vector NovaRed
substrate (Vector Laboratories). SIV RNéells were counted by visual inspection and classified
as either inside or outside of B cell follicles whickrer identified morphologically as a cluster of
CD20" cells as previously describe¥3, 75) Total tissie area and area of follicles was
determined by quantitative image analysis (Qwin Pro version 3.4.0; Leica, Cambridge, U.K.) and
used to calculate the frequency of Sieélls per mm An average of 49.3 mh{4.7 mnt i 95.2

mn¥) was analyzed.

Statistical analysis

All statistical analysis assumed twaled tests with a significant level of 0.05. Count
data were analyzed using generalized linear mixed models that would accommodate within
subject correlation, ovetispersion (negative binomialitlr log link) and an offset for total cells
or area, as appropriate. Simple linear regression was used for modelingrildoad. Perforin

expression on tetrantecells was analyzed using repeated measures ordinal (proportional odds)
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logistic regressin (213-215)with standard errors estimated via bootstrap. SAS version 9.3 (Cary,
NC), R (216) and GraphPad Prism (6.0) software was used. Because of there were only four

animals in the CD8 depletion study, statistics were not performed.
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Results

SIV-specific CD8 T cells can migrate into germinal enters (GCs)

Although HIV- and SI\tspecific CD8 T cells are typically most concentrated in T cell
zones of lymphoid tissues, some localize inside of lymphoid B cell foll{@i@s74) Within B
cell follicles, HIV- and Si\*specific CD8 T cells are typically distributed near the border of
follicles adjacent to the T cell zor§é3, 74) In addition, greater than 50% of the follicular area is
devoid of HIV- and SI\¢specific CD8 T cells in most follicleg73, 74) These findings led us to
wonder whether viruspecific CD8 T cells are restricted to certain areas of the follicle or are
able to migrate tlmughout the entire follicular area including the GC where FDCs hold virus in
immune complexes and are presumably actively infecting passing TCE#lIs.

To address this question, we used MEl&ss | tetramers to stain SBpecific CD8 T
cells in situ in lymph node tissue sections from SiWected rhesus macaques (Table 1). We
counterstained tissue sections with antibodies directed against IgM to label B cell follicles, and
antibodies directed against Ki67 to label proliferating cells and allow us ittedtd GCs. We
found that within follicles, tetramerSIV-specific CD8 T cells were located both inside and
outside of GCs (Fig. 1A). They were present in similar levels inside and outside of the GC area of
B cell follicles (p = 0.85), and as anticipatekre present at significantly lower levels in follicles
compared to extrafollicular regions (Fig. 1B) (p < 0.0001). Thus, althougksig¥ific CD8 T
cells are typically relatively low in numbers within B cell folésl they can migrate throughout
theentire follicle, including the GC.

In addition, we previously found a positive correlation between levels of follicular and
extrafollicular tetramérvirus-specific CD8 T cells(73). We performed a similar comparison in
our current study including 7 animals from our previously published 8%k plus 8 additional
animals. The results from the increased animal cohort strongly support giauprénding and

showed a highly significant positive correlation between levels of follicular and extrafollicular
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tetramer virus-specific CD8 T cells in lymph node and spleen tissues (Fig. 1C) (p = 0.0001).
Furthermore, we also observed significantrelation between levels of GC and extrafollicular
tetramer virus-specific CD8 T cells (Fig. 1D) (p = 0.014), and between levels of -Gdh
follicular and extrafollicular tetraméwirus-specific CD8 T cells (Fig. 1E) (p = 0.0030). Thus, as
total numbersof virus-specific CD8 T cells increase, there is a corresponding increase in
extrafollicular as well as follicular viruspecific CD8T cells, including cells in the GC as well

areas outside of the GC in follicles.

Many follicular SIV -specific CD8 T cells express PBL during chronic SIV infection

As mentioned above, we previously showed that manyspi¢ific CD8 T cells appear
to downrmodulate surface expression of CD8 upon entering B cell folli268) Here we
investigated additional factors that might inhibit follicular Speecific CD8 T cells function.
We investigated the inhibitory receptor RDwhich is a marker dfinctional exhaustion of CD8
T cells (178, 179)as well as a marker of CD& cdls that have recently been exposed to
antigenic stimulatior{178). PD-1 is markedly upregulated on the surface of dysfunctional-virus
specific CD8 T cells during chronic HIV and SIV infectiorf217, 218) and blockade of P in
vivo enhanced SIMpecific CD8 T cells response@19) The degree to which follicular StV
specific CD8 T cells express P2 has not yet been investigated. To investigate thistained
tissue sections from chronically SIV infected rhesus macaques with-tf$S | tetramers,
antibodies directed against PID and antibodies directed against CD20 to label B cell follicles
(Table 1 and Fig. 2A) We found a broad range oB&® (averge 54%) of follicular tetramér
SIV-specific CD8 T cells expressing PID. Levels were lowest in the animals Rh2515 and
Rh2520 sacrificed at the earliest time point evaluated at 42 dayinfeedion. Comparison of
viral loads and percentages of follicul@tramet SIV-specific CD8 T cells expressing PD

showed no significant correlation (p = 0.10).-R@xpression was slightly higher (11.2%, p =
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0.047) in follicular compared to extrafollicular tetram&iV-specific CD8 T cells (Fig. 2B).
These resudt indicate that PEL expression is quite variable in animals during chronic SIV
infection, and suggest that many follicular as well as extrafollicularspBcific CD8 T cells are
continually being exposed to antigen and likely exhausted. Importantbg thsults also indicate
that subsets follicular SPgpecific CD8 T cells in each animal do not express-Pand are not

exhausted.

Foxp3’ cells likely inhibit follicular and extrafollicular SIV -specific CD8 T cell function

We also investigatedvhether Foxp3 cells were in contact with, and potentially
inhibiting, follicular SIV-specific CD8 T cells. Tregs play a pivotal role in maintaining
immunological seHolerance, controlling autoimmune dise464, 65)and suppressing immune
activation(66, 67). A large subset of Tregs is characterized by the expression of the transcription
factor Foxp3(101, 220, 221)Although most Tregs are CD4a subpopulation of CD8T cells
also functions as Treg®22-224) During chronic infectin, Tregs can suppress CD8 cell
activity in a contact dependent manii&25). In this study, we investigated whether FoxpBags
were in contact with and potentially inhibiting follicular S$pecific CD8 T cells function. We
stained lymph node tissue sections from chronically SIV infected rhesus macaques with MHC
class | tetramers to label Sipecific CD8 T cells, antiFoxp3 atibodies to label Foxp3regs,
and antilgM antibodies to label B cell follicles, and quantified numbers of tetragglls in
contact with Foxp3 cells and levels of tetrameFoxp3 cells (Table 2). We found that on
average 7% (range®) of folliculartetramer SIV-specific CD8 T cells were in direct contact
with Foxp3 cells (Fig. 3A and 3B). In extrafollicular regions, significantly higher levels of
tetramer SIV-specific CD8 T cells were in contact with Foxp&ells (average 16%, range 9
29%, Fig.3B). In addition, a small subset of tetram&iV-specific CD8 T cells expressed
Foxp3 (Fig. 3C). An average of 0.35% (rang&%) of follicular and 0.7% of extrafollicular
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(range 03%) SIV-specific CD8 T cells were Foxp3 (Fig. 3D). No significant di#rence
between follicular and extrafollicular FoxpSIV-specific CD8 T cells was observed. Thus,
Foxp3 cells are contacting and likely inhibiting subsets of follicular as well as extrafollicular

SIV-specific CD8 T cells.

In addition, consistent with pvious studieg¢5, 6, 30, 31)we found that tetrameSIV-
specific CD8 T cells levels were significantly lower in follicular compared extiafalar areas
(p = 0.017; Fig. 3E). Similarly, Foxp3cells levels were significantly lower in follicular
compared extrafollicular areas (p = 0.0004; Fig). 3Fombining these data, we found that the
ratio of tetramet SIV-specific CD8 T cells: Foxp3 cells tended to be higher in follicular areas
than extrafollicular areas (p = 0.052; Fig. 3G). Moreover, the absolute number of tewalser
in contact with Foxp3cells was higher in extrafollicular region (272 of 2057 tetransdv-
specific CD8 T cels) than follicular region (115 of 1900 tetrarh&lV-specific CD8 T cells) as
well (Table 2). These findings suggest that coataetliated suppression of SBpecific CD8 T

cells by Foxp3cells may be lower in follicular compared to extrafollicular pamments.

Interestingly, when the percentages of follicular and extrafollicular tetraBBs-
specific CD8 T cells in contact with Foxp3cells were evaluated together -awis viral load
(SIV RNA Copies/ml) in each animal, the percentage of follicidat not extrafollicular
tetramer SIV-specific T cells in contact with Foxp8ells was a borderline significant predictor

of viral load (p = 0.08, and p = 0.26 respectively; Fig. 3H).

Levels of lymphoid SIV-specific CD8 T cells tend to predict viral load

We compared levels of follicular and extrafollicular tetrantiv-specific CD8T cells
and viral loads. We found that follicular tended to negatively predict (p = 0.060), and

extrafollicular significantly negatively predicted plasma viral load (0.636; Fig. 4). These
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findings suggest that Shepecific CD8 T cells located in lymph nodes are important in

controlling plasma viral loads.

Activated proliferating SIV -specific CD8 T cells are found in follicles

We next assessed whether follicular &pecific CD8 T cells express Ki67 in lymph
nodes and spleen (Table 1). In T cells, Ki67 is a marker of activation and prolifé2a&mi27)
We found Ki67 tetramet SIV-specific CD8 T cells in follicular (Fig. 5A) as well as in
extrafollicular regions (Fig. 5B), at similar levels (Fig. 5C). On average 11% (ra@geop of
tetramet SIV-specific CD8 T cells were Ki67 in the GCs, 12% (range-38%) in noRGC
follicular areas, and 13% (range28%) in extrafollicular areas. These data indicate that a subset

of both follicular and extrafollicular S”A8pecific CD8 T cells are activated and proliferating.

Many follicular SI V-specific CD8 T cells express low levels of perforin

Perforin is an important cytolytic effector molecule which CTL use to lyse-infested
cells. We previously showed that approximately 35% of follicular Spécific CD8 T cells
express perforilmnd that most expressed another effector molecule, granzyme B, which typically

works in concert with perforin to lyse infected c€li8).

Central memory (&v) and effector memory €h) T cells are two distinct populations of
memory T lymphocytes. cu subsets of CTL can be identified by their absence of perforin
expressia (103, 228) Tcm are known for proliferating and secreting cytokines upon contact with
antigen, which serves to propagate antigpecific CTL and send inflammatory signals to
propagate inflammatory responses, but they are not able to kill infected cells immediately upon
contact(103, 228) In contrast, & express perforin and importantly, can kill infected cells

immediately upon conta¢103, 228)
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Based on the importance of perforin expression on the ability of CTL to immediately kill
infected cells, we set out to characterize perforin expression levels withiculés and
extrafollicular SI\tspecific CD8 T cells in lymph nodes during chronic SIV infection (Table 1).
We determined levels of perforin (negative, low, medium, and high) in tetrdotizular and
extrafollicular SI\tspecific CD8 T cells (Fig. 6A) We found thata wide range tetramer
follicular SIV-specific CD8 T cells did not express perforin (mean: 56%; range815b),
consistent with being du. The percentage of perforitetramer cells was slightly higher in
follicular compared with extraftitular regions (p = 0.026, Fig. 6B). Among perfdrtetramet
cells, most expressed low to medium levels of perforin (mean 94%, rar@e?®1 consistent
with being Tem. A small population of perforintetramet cells (mean 6%, range®%) expressed
high levels of perforin consistent with being effector T cells or terminally differentiated memory
populations. Percentages of both follicular (p = 0.90) and extrafollicular (p = 0.91) t&t&ivter
specific CD8 T cdls expressing perforin showed no significant correlation with plasma viral
loads. The percentages of follicular and extrafollicular tetraoedis that expressed each level of
perforin were not significantly different (Fig. 6C). Thus, there were sinelals of tetramér
SIV-specific CD8 T cells expressing low, medium, and high levels of perfariiollicular and

extrafollicular compartments.

Increase in follicular SIV-producing cells postCD8 depletion

To evaluate the ability of SPgpecific CD8 T cells to kill SIV-producing cells in
follicular and extrafollicular compartmenits vivo, we temporarily depleted CD§ cells in four
chronically SIV infected rhesus macaques using-@B8 antibodies. As anticipated from
previous CD8 depletion studi¢$68-170), after administration of an€D8 antibodies, CD8T
cells including tetramebinding SIV-specific CD8 T cells were temporarily depleted from blood
and plasma viral loads increased (Fig. 7A). Ten daysqesetion, animals were sacrificed and
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tissues collected forin situ analyses. Usingin situ tetramer staining combined with
immunohistochemistry, we stialized and quantified tetrame3IV-specific CD8 T cells inside

and outside of B cell follicles before (Fig. 7B) and after (Fig. 7C) CD8 depletion. TetrSiiver
specific CD8 T cells were largely depleted in both follicular and extrafollicular are@s D

and 7E). Usingn situ hybridization combined with immunohistochemistry, we visualized and
guantified SIV RNA cells inside and outside of B cell follicles before (Fig. 7F) and after (Fig.
7G) CD8 depletion. We found higher levels of both follicidad extrafollicular Sivproducing

cells after CD8 T cells depletion in all four animals examined, albeit the increase was much
more substantial in extrafollicular areas, with the average change in follicles being 3.8 €ell/mm
(range 0.6 to 10.3 cells/ninFig. 7H) and in extrafollicular areas 8.9 cells/A{nange 0.6 to 22.4
cells/mnt; Fig 7I1). These results suggest that both follicular as well as extrafolliculat TD8

cells suppress viral replicatiom vivo.
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Discussion

B cell follicles are a major reservoir of HIV and SIV replication and remain a critical
obstacle to the elimination of HIV and SIV infection. During chronic infection, HIV and SIV
producing cells are highly concentrated within B cell follic{€8-75, 78) while virus-specific
CD8" T cells fail to accumulate in large number in these afgas74, 79, 8Q)indicating that B
cell follicles are somewhat of an immune privileged site where low concentrafiamti-wviral
CD8" T cells permit ongoing viral replication. Furthermore during HIV and SIV infections, FDC
within the GC of mature B cell follicles have large quantities of virions attached to their cell
surface via complement and antibody complged.43, 202)and are thought to be continually

infecting follicular CD4 T cells.

Prior to our study presented here, it was not clear whethesi@vific CD8 T cells are
able to migrate throughout the entire follicular area idiclg the GC, or are limited to only
certain regions of the follicle. We found that tetran®&-specific CD8 T cells were located
throughout the entire follicle, including the GC as well as-@@hregions of follicles, at similar
levels, in both lymph nite and spleen tissues. These findings indicate thatspreisific CD8 T

cells are able to migrate throughout the entire follicular area, including GC areas laden with virus.

In addition to there being relatively low levels of Sdgecific CD8 T cellsin follicles,
other factors or cellular processes likely contribute to the inability of CTL to fully control
follicular viral replication. We previously found that virgpecific CD8 T cells often down
modulate cell surface expression of the important C®Bceptor upon entering follicl¢205),
which likely impairs cytolytic function. We show here that some follicular tetra®&f-specific
CDS8" T cells are PEL positive and likely struggling with exhaustion. We also found that small
subsets were in contact with FoXplls, or were Foxp3indicating a potential source of T cell
inhibition. Thus, there exists several mechanishad likely contribute to the failure of virus
specific CD8 T cells to fully control follicular HIV and SIV replication.
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Although several mechanisms contribute to the failure of follicular ~gpgxific CTL to
fully control HIV and SIV replication, edence exists that at least a subset of follicular virus
specific CD8 T cells are able to suppress viral replication. In support of this hypothesis, we
recently reported that viruspecific CD8 T cells in lymphoid compartments predict levels of
SIV-produdng cells in those compartmentg3), and as we show here, also tendedredict
plasma viral load. We also show here that many follicular tetrammers-specific CD8 T cells
express the effector molecule perforin at low to medium levels and small subset at high levels,
and thus have machinery needed for cytolytic fumctin addition, we show here that a subset of
follicular tetramet SIV-specific CD8 T cells express Ki67 indicating they are activated and
proliferating. Importantly, we also show here a rise in follicular vprelucing cells after CD8
depletion in allfour animals examined, suggesting that follicular CD&sells actively suppress

follicular viral replicationin vivo.

Additional evidence that follicular CD8l cells suppress viral replication is presented in
two recently published studigd74, 229) Follicular, CXCR5 LCMV -specific CD8 T cells
were shown to control LCMV infection ofed cdls and reduce viral loads significantly better
than CXCR5 CD8" T cells adoptively transferred into LCMV infected mi¢E74, 229) In
addition, and importantly, HAspecific CXCR5 CD8" T cell levels in blood inversely correlated
with viral loads in chronically infected untreated HIV infected patiéh#®!). Thus, substantial
evidence is accumulating supporting an important role for féddlicantiviral CD8" T cells in

controlling infection.

While the focus of this study is follicular CDg cells, it is important to also discuss
extrafollicular cells. We found a greater increase of extrafollicular@bducing cells after CD8
depletion,compared to the increase seen to follicular areas. This finding supports the hypothesis
that we have been promoting for a decade that-HiNd Si\fspecific CD8 T are able to

effectively clear virus producing cells in the extrafollicular region, butrateas effective in
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targeting virusproducing cells in B cell follicle§73, 74, 163) These findings support the recent
findings by Fukazawa Y. et al, who found tivatvivo CD8" lymphocyte depletion of chronically
SlIV-infected rhesus macaques led to a redistribution of SIV infection frgneélls within the
follicles to extrabllicular CD4" T cells (78), which similarly suggest a superior ability of

extrafollicular relative to follicular CDS8T cells in controlling viral replication.

There is clearly a need to develop strategies to eliminate of HIV and SIV virions and
infected cells from B cell follicles. Studies presented here by us and others, support HIV cure
strategies that augment fuiaetal follicular virusspecific CD8 T cells to enhance viral control.
This might be achieved in a number of ways. First, we found a highly significant positive
correlation between levels of extrafollicular and follicular tetranagts-specific CD8 T cells,
suggesting that increasing total numbers of lymphoid sgpegific CD8 T cells may increase
total numbers of both extrafollicular as well as follicular vispecific CD8 T cells. Second,
given that CXCRS5 directs CD cells to B cell follices(174, 229) adoptive transfer of
autologous HIVspecific CXCR5 CD8' T cells could increaslevels of HI\(specific CXCR5
CD8" T cells in follicles and reduce follicular viral replication. Third, combining a therapy that
increases levels of follicular HPgpecific CD8 T cells with other therapies may be synergistic.
For example, adding bloc#te of PD1/PD-L1 to a therapy that augments levels of follicular
HIV -specific CD8 T cells may enhance reductions in viral replication, as it has been shown that
blockade of PEL/PD-L1 pathwayin vivorestored the function of exhausted CD8cells during
chronic viral infection(178)and enhanced Skgpecific CD8 T cells responsg®19). In addition,
antiPD-L1 treatment synergistically strengthened the comtr€ICMV replication mediated by
the adoptive transfer of CXCREDS" T cells in micg(174) Inhibition of Tregs might also
synergize with a therapy that augments levels of follicular-sjfpécific CD8 T cells. IL-15 is a
cytokine that facilitates CD8&nd CD4 effector T cell expansion, while having preferential

effect on the proliferation of Tred230). In addition, [L-27 delivery inhibits CDAICD25'Foxp3
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Tregs expansion and potentiates twmpecific CTL reactivity231). Based on these properties,

it is reasonable to speculate that therapeutitSland I-:27 administration might lead to

relatively lower levels of Tregs and increased effector T cells in lymphoid tissues, and lead to
improved viral control. A therapy that increases levels of follicular-sipécific CD8 T cells

might also be combined with HIV latency reversal agents toawgokilling of reactivated cells.

It might also be combined with approaches that create’ C@4lls that are resistant to infection

to improve overall viral suppression. Fourth, therapies that eliminate infectious HIV from the
FDC network may be developeahd these may be combined with the strategies suggested above.
Thus, there is a critical need to reduce HIV replication in B cell follicles, and there exist many

new approaches that may tackle this problem.

In summary, studies presented here suggestthatg chronic SIV infection, despite
likely inhibition of SIV-specific CD8 T cells by Foxp3cells, and a subset of follicular SIV
specific CD8 T cells likely being exhausted, some follicular Specific CD8 T cells express
the functional markers piarin and Ki67, and appear to suppress viral replicdtionvo. These
findings support HIV cure strategies that augment functional follicular-giesific CD8 T

cells to enhance viral control.
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TABLE 1 Rhesus macaques included istudies

MHC - Plasma

D DPI  genotypé Virus SIVRNA — poute? Ki67  Perf Foxp3 PD-

number Pepti (loguo 1
eptide ;

Copies/ml)

Rh2515 42 A0l Gag SlVmac239 4.22 v ND - + +
CM9

Rh2516 42 AO0l1 Gag SlIVmac239 5.55 v + ND + +
CM9

Rh2520 42 A0l Gag SlVmac239 7.58 \Y} + ND + +
CM9

Rh2306 84 A0l Gag SlIVmac239 6.15 R - + - -
CM9

R03111 105 AO02 Nef SIVmac239 6.45 R - + - -
YY9

R0O3094 154 A0l Gag SIvVmac239 6.20 R - + - -
CM9

R03116 161 A01 Gag SIVmac239 3.78 R - + - -
CM9

1157 258 A0l Gag SIvVmac251 451 \% +d + - +
CM9

1145 272 A0l Gag SlIvVmac251 6.26 \% ND + + +
CM9

JD85 272 A01 Gag SlVmac251 4.56 \% +4  ND + +
CM9

11-89 349 A0l Gag SIvVmac251 5.15 \% +d + + +
CM9

11-061 545 AO01 Gag SlVmac251 3.72 \ +d4  ND + +
CM9

Rhax18 546 BO08 Nef SlIVmac239 497 R +d + - +
RL10

R01106 567 BO08 Env SlVmac239 473 R +d + - -
KL9

Rhaul0 1687 BO08 Nef SlVmac239 411 v - + - -
RL10

aFull MHC allele names are as follows. AOIMamuA1*001:01; A02 is MamuA1*002:02; and
B0O8 isMamuB*008:01

®Route of SIV infection.

¢ Animals had <200 CD4 T cells/mni.

4 Quantitative image analysis was done with both lymph node and splenic tissue.

- There were not enough follicles in stained tissue sections for quantitative image analysis.
DPI: Days Postnfection.

ND: Not Done.
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TABLE 2 Numbers of tetramer* cells counted in contact with Foxp3cells

Total # tet* cells

Total # tet* cells

Total # tet* cells

Total # tet* cells

ID . that contact counted in that contact Foxp3'

counted in . . .
number . Foxp3* cells in extrafollicular cellsin
follicular areas . .

follicular areas areas extrafollicular areas
Rh2515 100 6 176 40
Rh2516 261 17 352 47
Rh2520 212 20 119 35
11-45 406 23 486 43
JD85 486 23 498 63
11-89 129 11 129 18
11-061 306 15 297 26
Total 1900 115 2057 272
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FIG 1 SIV-specific CD8 T cells can migrate throughout B cell follicles including germinal
centers (GC). (A) Representative lymph node section stained with Man01/Gag CM9
tetramers to label SPgpecific CD8 T cells (red, and indicted with arrows imetenlargement),

IgM antibodies (blue) to define follicles (F), and Ki67 antibodies (green) to label GC. Confocal
images were collected with a 20X objective and each scale bar indicates 100 um. (B) Frequencies
of tetramet SIV-specific CD8 T cells in different compartments of lymph nodes and spleen
during chronic SIV infection. Samples from spleen are indicated with red, whereas all others are
from lymph node. There were no significant differences between frequencies of teivher
specific CD8 T cellsin GC and norGC follicular areas (p = 0.85). Frequencies of extrafollicular
tetramet SIV-specific CD8 T cells were 109% (95% CI, 60, 172%) higher than GC (p < 0.0001)
and 104% (95% Cl, 56, 166%) higher than 6@ follicular areas (p < 0.0001). (C) Ritenship
between frequencies of follicular and extrafollicular tetraridy-specific CD8 T cells. The
frequency of extrafollicular tetranme8IV-specific CD8 T cells predicted the frequency of
follicular tetramet SIV-specific CD8 T cells. For every 1ogioincrease in extrafollicular

tetramet SIV-specific CD8 T cells, there was an estimated 1.14.4¢§5% CI 0.86, 1.42)

increase in the frequency of follicular tetram®iV-specific CD8 T cells (p = 0.0001). After
adjusting for extrafollicular tetraer” SIV-specific CD8 T cells, tissue type (LN or Spleen) was
not a significant predictor of follicular tetrame$|V-specific CD8 T cells (p = 0.39). (D) The
relationship between frequencies of GC and extrafollicular tetfadterspecific CD8 T cells.

The frequency of extrafollicular tetrame31V-specific CD8 T cells predicted the frequency of

GC tetramet SIV-specific CD8 T cells. For every 1 lagincrease in extrafollicular tetranier
SIV-specific CD8 T cells, there was an estimated 1.114¢85% CI 0.34, 1.88) increase in the
frequency of GC tetrame56IV-specific CD8 T cells (p = 0.014). After adjusting for

extrafollicular tetramérSIV-specific CD8 T cells, tissue type (LN or spleen) was not a
significant predictor of GC tetranteblV-specific CD8 T cells (p = 0.96). (E) Relationship
between frequencies of n@C follicular and extrafollicular tetrame8IV-specific CD8 T cells.
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The frequency of extrafollicular tetrame31V-specific CD8 T cells predicted the frequency of
non-GC follicular tetramer SIV-specific CD8 T cells. For every 1 lagincrease in
extrafollicular tetramerSIV-specific CD8 T cells, there was an estimated 0.87%d485% CI
0.45, 1.28) increase in the frequency of 4@ follicular tetramerSIV-specific CD8 T cells (p
= 0.0030). After adjusting for extrafollicular tetram&iV-specific CD8 T cells, tissue type (LN
or spleen) was not a significant predictor of @@ follicular tetramerSIV-specific CD8 T

cells (p = 0.86).
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Figure 2
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FIG 2 Many follicular tetramer SIV-specific CD8 T cells express PD. (A) Representative
lymph node section stained with MasmAi001:01/Gag CM9 tetramers to label SBpecific

CD8" T cells (red), PBEL antibodies (green) to label PDexpressing cells andD20 antibodies
(blue) to define follicles. Confocal images were collected with a 20X objective and the scale bar
is 100 um. (B) The percentage of ADcells within the tetramebinding population was 11.2%

(p =0.047, 95% ClI, 0.2, 23%) higher in follisleompared with extrafollicular regions.
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Figure 3
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FIG 3 A subset of follicular tetraméiSIV-specific CD8 T cells are likely inhibited by Foxp3
cells. (A) Representative lymph node section stained with Mar01:01/Gag CM9 tetramers
(red), IgM (blue), and Foxp3 (green) showing tetranoetls in contact with Foxp3cells. (B)
Percentages of follicular tetramieBlV-specific CD8 T cells that were in direct contact with
Foxp3 cells were significantly lower than extrafollicular tetram8tV-specific CD8 T cells (p

= 0.0014). (C) Representative image showing tetraroells are Foxp3 (D) There was no
significant difference between percentages of tetrar8ér-specific CD8 T cells inside and
outside follicle that were Foxp3p = 0.37) (E) Frequencies of tetramie8lV-specific CD8 T

cells inside follicles were significantly lower than outside of follicle (p = 0.017). (F) Frequencies
of Foxp3 cells inside follicles were significantly lower than outside of follicle (p = 0.0004) as
well. (G) Tetrame'r SIV-specific CD8 T cells: Foxp3 cells ratios inside follicle tend to be
higher than outside of follicle (p = 0.052). (H) Separate linear regression lines were fit for
follicular and extrafolliculapercentage of tetranfercells in contact with Foxp3cellsas
predictors of plasma viral load. In the follicle, for every 1% increag®ioentage of tetranier

cell in contact with Foxp3cells, there was an estimated 0.50.@9, 1.1) log increase in SIV
RNA logio copies/mi(p = 0.08, R= 38.8%). In the extrafollicular region, for every 1% increase
in tetramet cell in contact with Foxp3 cells, there was an estimated 0.09.¢9, 0.26)

logioincrease in SIV RNA log copies/ml (p = 0.26, R 9.5%).
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Figure 4
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FIG 4 Relationship between plasma viral load and frequencies of tetr&vespecific CD8 T
cells in follicular and extrafollicular areas. (A) Ledollicular tetramet SIV-specific CD8 T
cells tended to predict plasma viral load (p = 0.060). For everyditmgease in follicular
tetramet SIV-specific CD8 T cells, there was an estimated 1.25 (95%-@064, 2.57) log
decrease in SIV RNA lagcopies/ml; (B) Logo extrafollicular tetraméerSIV-specific CD8 T
cells significantly predicted plasma viral load (p = 0.036). For everyi} ilugrease in follicular
tetramet SIV-specific CD8 T cells, there was an estimated 1.60 (95% CI: 0.12, 3.08) log

decrease in SIV RNA lagcopies/ml.
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Figure 5
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FIG 5Ki67 expression levels in follicular and extrafollicular tetrafr@iv-specific CD8 T cells.
Representative lymph node section stained with Maf01:01/Gag CM9 tetramers (red), IgM
(blue), and Ki67 (green) showing tetrarmi€i67* cells in follicle (A) and in extrafollicular region

(B). Scale bar indicates 10 um. (C) Percentages of tettaBi®krspecific CD8 T cells that
expressed Ki67 in GC, ngBC areas of follicles and extrafollicular areas in lymph nodes and
spleen. Samplesdm spleen are indicated with red, and from lymph node black. There was no

significant difference between compartments in lymph nodes or spleen (p = 0.13).

57



Figure 6
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FIG 6 Perforin expression levels in follicular and extrafollicular tetransd¥-specific CD8 T

cells. (A) Representative lymph node section stained with Mar01:01/Gag CM9 tetramers

(red) and perforin (green) showing perforin negative, perforin low, perforin mediurpeafatin

high MHC-class | tetramér SIV-specific CD8 T cells. Scale bar indicates 10 um. (B)
Percentages of tetramieBlV-specific CD8 T cells that expressed perforin in follicular and
extrafollicular regions. The percentage of tetranteiV-specific CD8 T cel | s di dndt
perforin was ~5.4% (95% CI, 0.2,0.2%) higher in follicles compared with extrafollicular
regions (p = 0.026). (C) Among tetrarheells that express perforin, the distribution of cells
across low, medium and high perforin expression is not significantly different between follicular

andextrafollicular regions (p = 0.66).
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Figure 7
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FIG 7 Increase in follicular and extrafollicular Siproducing cells poSED8 depletion. (A)
Dynamics of plasma viral loads and Ma#t001:01/Gag CM9 tetramércells concentration in
blood post SV infection. Representative lymph node tissue sections stained with-dfis€ |
tetramers (red) to label Sispecific CD8 T cells, CD8 antibodies (blue) to label T cells and
CD20 antibodies (green) to label B cells and define B cell follicles. (B) A lyngate section
from animal Rh2516 stained with Map#t001:01/Gag CM9 tetramers demonstrating an
example of tetramérSIV-specific CD8 T cells level and location before CD8 depletion. (C) A
lymph node section from animal Rh2516 stained with Ma&™01:01/Gag CM9 tetramers
demonstrating an example after CD8 depletion. Scale bars indicate 100 um. (D) Te8&mer
specific CD8 T cells in B cell follicles were almost completely depleted after CD8 depletion in
all four animals. (E) TetrameSIV-speific CD8" T cells in extrafollicular regions dramatically
decreased after CD8 depletion. Representative imagessitu hybridization for SIV RNA to
identify virusproducing cells (blue/black cells indicated by arrows) and CD20 staining (brown)
to morplologically identify B cell follicles in lymph node before (F) and after CD8 depletion (G).
Scale bars indicate 50 um. (H) Frequencies of SIV Riils in B cell follicles increased after
CD8 depletion in all four animals. (I) Frequencies of SIV RMNallsin extrafollicular regions

dramatically increased after CD8 depletion.
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Chapter 3

Low levels of SI\tspecific CD8 T cells in germinal centers
during early infection may set the stage for persistent chronic
infection
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Synopsis

HIV -specific CD8 T cells contribute to the control of HIV infection. These cells are typically
excluded from B cell follicles during chronic infection. It is not known whether this phenomenon
also occurs during early infection. Here, we determined thelbdiBon and phenotype of simian
immunodeficiency virus (SIVspecific CD8 T cells in lymph nodes from Sikfected rhesus
macaques during early infection. We found that levels ofspidtific CD8 T cells in B cell

follicles were also significantly loweha&n in extrafollicular regions. Furthermore, follicular SIV
specific CD8 T cells were largely excluded from germinal centers (GCs). Despite high level of
PD-1 expression and potential inhibition from Foxp3+ cells, subsets of folliculas@#¥ific

CDS8 T ells express the proliferation molecule Ki67 and high levels of cytolytic molecule
perforin. We found a small population of follicular S$gecific CD8 T cells are PARP+ in early
chronic infection, suggesting that cell death is not a critical factor¥oldeels of follicular SIV
specific CD8 T cells. Taken together, these data suggestabpite high levels of exhaustion and
likely inhibition by Foxp3+ cells, a subset of follicular S$pecific CD8 T cells likely possess
cytolytic function and suppres#ral replication.Furthermorethese data suggest that the low
levels of follicular SIVfspecific CD8 T cells in GCs may be a major factor for the establishment
of persistent chronic infection. These findings here provide important insights into SIV

immunopathogenesis and may help inform future cure strategies.
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Introduction

Most human immunodeficiency virus (HAffected individuals fail to adequately
control persistent higkevel viral replication that results in gradual loss of CD4 T cellsAdbb
ultimately in the absence of combination antiretroviral therapy (CART). B cell follicles in
secondary lymphoid tissues have been identified as important sanctuaries that contain large
amounts of virugproducing cells during chronic HIV and simian immagleficiency virus (SIV)
infection(73-77). CD4+ T follicular helper (E+) cells, a specialized CD4 T cell population that
mainly resides in B cell follicles and provides pivotal help to B cell activation and maturation,
serve as a major site of productive HIV and SIV infection in B cell folli2e§476, 137, 232,
233). In SIV-infected rhesus macaques with full control of viral replication, either via natural
highly effective immune response or receiving kvagn, fully suppressive cART, residual
productive SIV infectiond strikingly restricted to & cells(78). In HIV infected aviremic
individuals treated with lonterm ART, T4 also serves as a major reservoir for active and
persistent virus transcriptiqd36). Therefore, understanding the immune activity needdll
virus-infected Ty cells in B cell follicle is necessary for developing novel therapies to fully

eradicate HIV or SIV infection.

Development of HIVspecific CD8 T cells during acute infection is associated with a
decline in plasma viremia, sugding that the positive effect of these cells in initial viral control
(147, 148, 234)Moreover, CD8 depletion experiments in acute SIV and SHIV infection induces
continuously high | evels of plasma vitremi a
lymphocyteq169, 170) Certain individual HIVYspecific CD8 T cell responses elicited in acute
HIV infection have been shown to modulate the subsequent immune control of \(28Gj)a
Similarly, multiple studies to date have determined the indispensable role-eiran@D8 T cell
responses in suppressing viral replication during chronic SIV infe¢t& 170) Furthermore,

strong HIV-specific CD8 T cell activity is directly associated with letlegm elite control of
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infection (150, 151, 203)We previously showed significant inverse relationship between SIV
specific CD8 T cell frequency and Spfoducing cell levels in different compartments of the
lymph node during chronic SIV infectidi@3). However, in spite of the notable awiial effect in
both acute and chronic infection, HIV/S8pecific CD8 T cells fail to fully eliminateiral
replication and the vast majority of HIV/Sivifected individuals eventually develop disease in

the absence of cCART.

We and others previously showed that Havid SI\tspecific CD8 T cells are largely
excluded from B cell follicles in lymph node aspleen tissues during chronic infectigts, 74,
79, 80, 236)The apparent paucity of vingpecific CD8 T cells inside B cell follicles, where
HIV - and SIVproducing cells are highly concentrated, has been identified as an important
mechanism of immumevasion by HIV and SIV. This mechanism may, at least partially, account
for the failure to eradicate HIV/SIV infection. However, the exclusion of\ardl CD8 T cells
from B cell follicles is not absolute. A couple of recent studies reported a poputétiunctional
CDS8 T cells expressing CXCRS5 in B cell follicles in chronic LCMV, HIV and SIV infections
(174, 229, 237, 238Moreover, modeshcreases in SI\producing cells in B cell follicles were
observed following CD8 depletion experiments during chronic SIV infe¢#86), suggesting
follicular CD8 T cels mediate control of SIV replication to some extent in B cell follicles.
Together, these studies strongly suggest that at least a fraction of follicular CD8 T cells are
functional and able to suppress HIV/SIV replication during chronic infection. Howeliether
virus-specific CD8 T cells migrate into B cell follicles during early HIV/SIV infection remains
unaddressed and if so, whether these cells are functional in controlling virus replication has not

been tested.

In this study, we sought to determiaed characterize the distribution of S$gecific
CDS8 T cells in lymph nodes, the functional phenotype of these cells and the local relationship of

these cells to Foxp3cells during early SIV infection. We observed a small population of SIV
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specific CD8 Tcells migrate into B cell follicles. Furthermore, follicular S$gecific CD8 T

cells were largely excluded from germinal centers (GCs). Although suffering from potential
suppression of regulatory T cells (Tregs) and possible exhaustion, a subsetudafoBiV-

specific CD8 T cells are activated and proliferating, and exhibit effector phenotype and possibly
contribute to control of viral replication in early SIV infection. We next compared the functional
phenotype of follicular SI¥pecific CD8 T cell$n early and chronic SIV infection. We found

that more follicular SIVspecific CD8 T cells in early infection are activated and display effector
phenotype. These findings suggest that, similar to chronic infectiors&¥sific CD8 T cells in

early infecton are also largely excluded from B cell follicles, and these cells are likely possess
cytolytic potential. Importantly, low levels of follicular Sispecific CD8 T cells from GCs

during early infection may pave the road for persistent chronic infection.
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Materials and Methods

Tissues from animals in early SIV infection
Lymph nodes were obtained from captlwed rhesus macaques of Indian origin infected
with SIVmac239 intravenously (IV) (Table 1). All animals were housed and cared for according
to American Association for Accreditation of Laboratory Animal Care standaatcredited
facilities. All animal procedures were performed according to protocols approved by the
Institutional Animal Care and Use Committees of the Wisconsin National Primate Research
Center. Portions of fresh lymphoid tissues were immediatelyfsozgn in OCT and/or formalin
fixed and embedded in parafyn. Simultaneously,
collected in RPMI 1640 medium with sodium heparin (18.7 U/ml) and shipped overnight to the

University of Minnesota fon situtetrame staining.

In situ tetramer staining combined with Immunohistochemistry

In situtetramer staining combined with immunohistochemistry was performed on fresh
lymph tissue specimens shipped overnight, sectioned with a compre$2a8jy@nd stained
essentially as previously describ@®, 74, 209)Biotinylated MHGclass | monomers were
loaded with peptides (National Institute of Health Tetramer Core Facility, Emory University,
Atlanta GA) and converted to MH@ass | tetramers. Mamii1*001 molecules loaeld with SIV
Gag CM9 (CTPYDINQM) peptide10)or irrelevant negative control peptides FV10
(FLPSDYFPSV) from the hepatitis Brus core protein. Fresh lymph node sections were
incubated with MHGclass | tetramers (0.5 pg/ml) alone or along with goathuman PB1 Abs
(1 pg/mL, polyclonal, R&D Systems). For secondary incubations, sections were incubated with
rabbitanti-FITC Abs(0.5 ug/mL, BioDesign, Saco, ME) and motws#i-human Ki67 Abs

(1:500 dilution, clone MM1, Vector), or mous@tirhuman perforin Abs (0.1 pg/mL, clone
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5B10, Novacastra), or mousétihuman Foxp3 Abs (2.5 pg/mL, clone 206D, BioLegend) or
mouseanttkhumanCD20 Abs (0.19 pug/mL, clone L26, Novocastra), or meaiscthuman PARP
Abs (3.5 pg/mL, clone Asp214, Cell signaling). For the tertiary incubations, the sections stained
with goatanti-human PBL Abs were incubated with Cy®njugated donkegnti-rabbit Abs(0.3
pg/mL, Jackson ImmunoResearch Laboratories, West Grove, PA), Alexzoafated
donkeyantigoat Abs (0.75 ug/mL, Jackson ImmunoResearch Laboratories), ancb@jmated
donkeyantirmouse Abs (0.3 pg/mL, Jackson ImmunoResearch Laboratoriesthai ections
were incubated with Cy8onjugated goaantirabbit Abs (0.3 pg/mL, Jackson ImmunoResearch
Laboratories), Alexa 488onjugated goatntimouse Abs (0.75 pg/mL, Molecular probes), and
Dylight 649-conjugated goat antiuman IgM (0.3 pg/mL, Jaskn ImmunoResearch
Laboratories). Sections were imaged using a Zeiss LSM 800 confocal microscope. Montage

images of multiple 512 x 512 pixels were created and used for analysis.

Quantitative image analysis

For the determination of levels of SBpecific M8+ T cells and percentages of SIV
specific CD8+ T cellsthatee x pr essed specific molecules, foll
morphologically as clusters of brightly stained closely aggregated IgM+ or CD20+ cells.
Follicular and extrafollicular areas weatelineated using ImageJ software. Areas that showed
loosely aggregated B cells that were ambiguous as to whether the area was a follicle were not
included. For PEL expression analysis, an average of 112 tetramer+ cells (rarb@Qpwas
analyzed in fdlcular regions and 213 (range, 1272) in extrafollicular regions. For
quantification of tetramer+ cells that were in contact with Foxp3+ cells and express Foxp3+, an
average of 102 tetramer+ cells (range198) was analyzed in follicular regions ar#B4range,
168-560) in extrafollicular regions. For Ki67 expression analysis, an average of 133 tetramer+
cells (range, 3@46) was analyzed in follicular regions and 307 (range;4B230) in
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extrafollicular regions. For perforin expression level analgsisaverage of 97 tetramer+ cells
(range, 22193) was analyzed in follicular region and 276 (rangeb3®) in extrafollicular

region. To determine levels of perforin expression, tetramer+ cells were scored using the
following objective criteria as followd.etramer+ cells with no detectable perforin staining above
background levels were scored as perforin negative. Tetramer+ cells with perforin steéBing 2
greater than background were scored as perforin low, with perforin stai@digher than
backgraind as perforin medium, and those with 10X or greater than background levels and with
perforin staining detectable throughout much of the cytoplasm were scored as perforin high. Cell
counts were done on singlesgans. While doing the cells counts, we deraieed cells using a
software tool to avoid counting the same cell twice. All quantitative image analyse were done
with lymph node tissues. An average of 7.42 mm2 (range; &8 mm2) was analyzed for

each lymph node.

In situ hybridization combined with immunohistochemistry

In situhybridization for SIV RNA was performed as previously descri{z&] 75) This
technique identifies cells that are actively transcribing SIV, but not extracellular virions
encapsulated in envelope glycoprotein and bound to FDC. Briefly, 6 um frozen sections were
fixed in 3% paraformaldehyde (Sigrdddrich, St. Lousis, MO), hybridized overnight with
digoxygenin labeled SIVmac239 antisense probes (Lofstrand Labs, GaitheidB)rgnd
visualized using NBT/froma4-chloro-3-indolyl phosphate (Roche, Nutley, NJ).
Immunohistochemistry staining for B cells was performed in the same tissues usingamipuse
human CD20 (clone 7D1; AbD Serotec, Raleigh, NC) and detected usinggbl&®ed polymer
antrmouse IgG (ImmPressKit; Vector Laboratories, Burlingame, CA) and Vector NovaRed
substrate (Vector Laboratories). SIV RNA&ells were counted by visual inspection and classified
as either inside or outside of B cell follicles which wetentified morphologically as a cluster of
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CD20+ cells as previously describéd3, 75) Total tissue a and area of follicles was
determined by quantitative image analysis (Qwin Pro version 3.4.0; Leica, Cambridge, U.K.) and
used to calculate the frequency of SIV+ cells pen#n average of 12.5 mh{7.1 mn¥i 87.2

mn?) was analyzed.

Statistical analysis

All statistical analysis assumed twaed tests with a significant level of 0.@&.aphPad
Prism version 6.0 (GraphPad Software, La Jolla, California, W@#)used to conduct statistical

analyses.
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Results

SIV-specific CD8 T cellsare largely excluded fromB cell follicles in early infection

We and others previously showed that CD8 T cells in-hilécted individuals and SNV
specific CD8 T cells in rhesus macaques are able to immigrate into entire follicular area including
the GCgduring chronic infectiorf236-238). Here, to understand whether Sdgecific CD8 T
cells are able to enter B cell follicles in early infection, we determined the distribution and
magnitude of Gag CM9 tetramer+ CD8 T cells (Tet+) in the lymph nodes on 21 days post

infection in a group of M-infected Mamu A01+ rhesus macaques.

In addition to Gag CM9 tetramer stainiimgsituin lymph node sections to label SIV
specific CD8 T cells, antibodies against IgM were used to label B cell follicles. We found that,
similar to chronic infection, Teteells also migrate into B cell follicles in early infection (Fig.
1A). Moreover, level of follicular Tet+ cells was significantly lower than their extrafollicular
counterparts (Fig. 1B) (p = 0.0023). We previously showed a positive correlation betwadsen lev
of follicular and extrafollicular Tet+ cell&3). We next investigated the relationship between
Tet+ cells inside and outside B cell follicles in the current study. A highly significant positive
correlation between levels of folliar and extrafollicular Tet+ cells in lymph node was also
observed in early SIV infection (Fig. 1C) (p < 0.0001). These data demonstrated tsqieSifit
CD8 T cellsare largely excluded frofd cell follicles in early SIV infection and the level of
folli cular SI\:specific CD8 T cells is positively correlated to the level of -Spécific CD8 T

cells in extrafollicular regions.

We next analyzed whether Tet+ cells accumulate within GCs inside follicular areas
where follicular dendritic cells (FDCs) hold ¢ amount of virus in immune complexes and are
potently infectious to CD4T cells around. To address this question, we used Gag CM9 tetramer

to stain SlV(specific CD8 T cells, antibodies against IgM to label B cell follicles and antibodies
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against Ki67 tadentify GCs. Among all GCs that were counted here, 60.3% (44/73) were
completely devoid of Tet+ cells (Fig. 1D). Furthermore, throughout the rest of the B cell follicles
(39.7%, (29/73)), very few Tet+ cells in GCs were found (Fig. 1E). These dataténitiat

follicular SIV-specific CD8 T cells are largely excluded from GCs in early infection.

Many follicular SIV -specific CD8 T cells express Pd in early SIV infection

PD-1 is a marker of functional exhaustion of CD8 T cfli88, 179)as well as a marker
of CD8 T cells that have recently been exposed to antigenic stimula@iéh PD-1 is markedly
upregulated on the surface of dysfunctional vspecific CD8 T cells during chronic HIV and
SIV infections(217, 218) and blockade of P2 in vivoenhanced Si\épecific CD8 T cells
responsef219). Moreover, recent studies found that high percentages of follicular CD8 T cells in
chronic HIV and SIV infection express inhibitory molecule-P[236, 237) However, the
degree to which follicular S\épecific CD8T cells in early infection express PDhas not yet

been investigated.

To understand this, we stained lymph node tissue sections from SIV infected rhesus
macaques with MH&lass | tetramers, antibodies directed againsiP&nd antibodies directed
againg CD20 to label B cell follicles. We found PD+ Tet+ cells in both follicular and
exteafollicular areas in early SIV infection (Fig. 2A). To our surprise, quantitative analysis
showed that more than 50% of both follicular and extrafollicular Tet+ cqliesg PBL in all
animals except one (Rh2588). No significant difference was observed between the percentage of
PD-1+ Tet+ cells inside and outside B cell follicles (Fig. 2B). We further compared the
percentage of Tet+ cells that express PBetween earlgnd chronic SIV infection in follicular
and extrafollicular regions respectively. Again, no significant differences were observed (Fig. 2C

and 2D). These data indicate that, even though around half of folliculesgeksific CD8 T cells
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are PD1+, a subgeof follicular SIV-specific CD8 T cells evade the inhibitory effect of-Rn

early SIV infection.

Foxp3+ cells likely inhibit follicular SIV -specific CD8 T cell function in early infection

Tregsplay a crucial role in maintaining immunological seferance and controlling
autoimmune diseas€84, 65) However, they also get involved in suppressing immune activation
in viral infection(66, 67) A large proportion of Tregs is characterized by the expression of the
transcription factor Foxp@20, 221, 239) While most Tregs are CD4+, there exist a small
population of CD8+ Treg222-224). Directed contact is an important mechanism mediates

suppression of Tregs D8 T cells(225).

We next investigated whether Foxp3+ cells were in contact with and potentially
inhibiting function of follicular SI\dspecific CD8 T cells in earlinfection. We stained lymph
node tissue sections from rhesus macaques in early stage of SIV infection witic|bHsC
tetramers to label SPgpecific CD8 T cells, anfroxp3 antibodies to label Foxp3+egs, and
antilgM antibodies to label B cell folliels. We found follicular Tet+ cells that directly contact
Foxp3+ cells (Fig. 3A) and follicular Tet+ cells that are Foxp3+ (Fig. 3B). An average of 12.4%
(range 720%) follicular Tet+ cells were in direct contact with Foxp3+ cells (Fig. 3C) and the
correspading number in extrafollicular was 18.6%468%). No significant difference was
shown between the percentage of Tet+ cells that contact Foxp3+ cells inside and outside B cell
follicles in early SIV infection (Fig. 3C). Simultaneously, the percentageex@dd+ Tet+ cells
inside and outside B cell follicles showed no significant difference either (Fig. 3D). Therefore,
these data suggest that function of a small population of follicular as well as extrafollicilar SIV

specific CD8 T cells are likely inhibitday Foxp3+ cells in early SIV infection.
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Similar to SI\tspecific CD8 T cells, Foxp3+ cells levels were also significantly lower in
follicular than extrafollicular regions (Fig. 3E and 3F) (p = 0.008). In addition, there was no
significant difference betweethe ratios of Tet+ cells: Foxp3+ cells in follicular and
extrafollicular regions (data not shown). These findings suggest that contact mediated suppression
of Foxp3+ Tregs on SRgpecific CD8 T cells are similar in follicular and extrafollicular regions

in early SIV infection.

We then evaluated whether the effects of Foxp3+ Tregs orsf@V¥ific CD8 T cells in
early and chronic infection are different. We first found significantly higher level of Foxp3+ cells
in early infection than chronic infection inlficular area (Fig. 4A) (p = 0.0382), but not in
extrafollicular (Fig. 4B) (p = 0.1007). Second, the percentage of follicular Tet+ cells that contact
Foxp3+ cells in early infection was significantly higher than chronic infection (Fig. 4C) (p =
0.0194), lnt the this difference was not observed in extrafollicular-§ecific CD8 T cells (Fig.
4D) (p = 0.4999). Third, the percentage of Tet+ cells in follicular area that express Foxp3 tended
to be higher in early infection (Fig. 4E) (p = 0.0508) and the gmreentage in extrafollicular
area was significantly higher in early infection (Fig. 4F) (p = 0.0468) than chronic infection. Last,
the ratios of Tet+ cells: Foxp3+ cells in both follicular and extrafollicular regions were
dramatically lower in early infgion compared to chronic infection (Fig. 4G and 4H) (p = 0.0419
and p = 0.0197). Taken together, these data suggest that the suppressive effect of Foxp3+ Tregs
on follicular SIV-specific CD8 T cells is stronger in acute infection compared to chronic
infection. Similar but milder difference in effect of Foxp3+ Tregs on extrafollicularsi®cific

CDS8 T cells in different phase of infection was observed as well.

Activated proliferating follicular SIV -specific CD8 T cells are found in early infection
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Ki67 is an activation and proliferation marker of T c€¢#86, 227) We next assessed the
level of follicular SIV-specifc CD8 T cells express Ki67 in lymph nodes in early SIV infection.
Ki67+ Tet+ cells were found in follicular as well as in extrafollicular regions (Fig. 5A).
Quantitative analysis showed that the percentage of follicular Ki67+ Tet+ cells was significantly
lower than their extrafollicular counterparts (Fig. 5B) (p = 0.0007). An average of 39.7% (range
7-61%) of Tet+ cells were Ki67+ in follicular area and this percentage was 54.4% (range 19
76%) in extrafollicular areas. By comparing the level of Ki67+ Teeths among all Tet+ cells in
early and chronic infection, we found that significantly more Tet+ cells in both follicular and
extrafollicular regions from early SIV infection express Ki67 (Fig. 5C and 5D) (p = 0.002 and p =
0.0004). These data demonstridaat significantly lower level of follicular SAépecific CD8 T
cells are activated and proliferating than their extrafollicular counterparts in early SIV infection.
Besides, SIVspecific CD8 T cells in early infection generally proliferate more vigoradinsig

SIV-specific CD8 T cells during chronic infection.

A large proportion of follicular SIV -specific CD8 T cells express perforin in early infection

Perforin is a crucial factor for cytolytic function in virgpecific CD8 T cells.We
previously showed that approximately 35% of follicular Siyecific CD8+ T cells express
perforin and that most expressed another cytolytic effector molecule, granzyme B, which

typically works in concert with perforin to lyse infected céi8).

We next characterized the expression of perforin in-§i¥cific CD8 T cells in early
infection. SI\tspecific CD8 T cells were divided into four categories (negative, low, medium,
and high) according to perforin expression levels (Fig. 6A). We found d@haide range of
follicular Tet+ cells were perforin negative (mean 26.7%; raitgp%) (Fig. 6B). There was no

significant difference between the percentage of pedrdiet+ cells in follicular and
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extrafollicular regions (Fig. 6B). Among follicular perforin+ Tet+ cells, a large fraction expressed
low to medium levels of perforin. At the same time, a population of perforin+ Tet+ cells express
high levels of perforin (mean 21.5%; ran@&4%), consistent with being effector T cells. No
significant differences were observed between the percentages of follicular and extrafollicular
Tet+ cells that expressed each level of perforin (Fig. 6B). By comparison of perforin expression
between Tet cells in early and chronic infection, we found that proportion of follicular perforin+
Tet+ cells in early SIV infection was significantly higher than chronic infection (Fig. 6C) (p =
0.0206). While the percentage of extrafollicular perforin+ Tet+ aeldsarly SIV infection tended

to be higher than chronic infection (Fig. 6D) (p = 0.0502). Furthermore, there were significantly
more follicular and extrafollicular perfofi#" Tet+ cells in early SIV infection than chronic
infection (Fig. 6E and 6F) (p 6.0242 and p = 0.0135). Taken together, these data showed that
similar levels of follicular and extrafollicular SFspecific CD8 T cells express perforin in early
infection. The subset of Shgpecific CD8 T cells in early infection express high level afqrn

may be effector CD8 T cells can immediately kill viiogected cells.

Cell death is not a major factor accounts for the low levels of follicular Si\specific CD8 T

cells

Poly (ADPribose) polymerase (PARP) is involved in cells death by promosilegse of
apoptosignducing factor (AIF)(240). Here we assessed whether Spécific CD8 T cells
express PARP in early chronic SIV infection {80 dpi) to test whether the cell death is
responsible for the low frequency of follicular S$gecific CD8 T cells. We found a small
population of Tet+ cefl were themselves PARP+ (Fig. 7A). Quantitative analysis showed no
significant difference between the levels of PARP+ Tet+ cells inside and outside B cell follicles
(Fig. 7B). Interestingly, we found some Tet+ cells that directly contact PARP+ cells7ig.

Quantitative analysis showed that the percentage of Tet+ cells that contact PARP+ cells in
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follicular area was significantly higher than extrafollicular area (Fig. 7C) (p = 0.0043). These
results suggest that even though a small number of folliciNassBecific CD8 T cells are likely

undergoing apoptosis, cell death is not a major factor accounts for the low levels of follicular

SIV-specific CD8 T cells.
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Discussion

Eradication of HIViinfected cellsn vivoremains a critical obstacle to cure HIV
infection. B cell follicles are major anatomical reservoirs that permit active HIV and SIV
replication during chronic infectiofr3, 74, 78) However, virusspecific CD8 T cells fail to
accumulate in B cell follicles in high frequen@a, 74, 236, 237)The ongoing viral replication
in B cell follicles during chronic infection is due, at least partially, to theipaof follicular
antiviral CD8 T cell responsdd3-75, 78, 163)It is not known whether this phenonoenalso
occurs during early stages of infection. Here, we determined the location, abundance, and
phenotype of SIvspecific CD8 T cells in follicular and extrafollicular regions during early SIV
infection. We found that a small population of Specific M8 T cells accumulate in B cell
follicles during early SIV infection, similar to what we reported in chronic dis@&eSubsets
of these cells are activated and proliferating, and likely have cytolytic potential. Moreover, our
data suggest that a population of follicular Sljpecific CD8 T cells may be actively killing uis

infected cells exist in B cell follicles in early chronic SIV infection.

Previous studies demonstrated that high magnitude efiaatiCD8 T cell responses in
early HIV and SIV infection contribute to initial viral contr@d47, 148, 169, 170, 234But these
cells fail to completely suppress viral replication in earfection. Here we found that frequency
of SIV-specific CD8 T cells located inside B cell folksl was significantly lower than outside B
cell follicles in early SIV infection. Furthermore, follicular SBpecific CD8 T cells are largely
excluded from GCs. The relatively low levels of follicular S§plecific CD8 T cells and its
uneven distribution ifollicles may, at least in part, account for the inability to fully control viral
replication despite strong virtgpecific CD8 T cells responses elicited in primary infection and

set the stage for persistent chronic infection.

In addition to relativelyow levels of follicular SI\\specific CD8 T cells during early
infection, other negative regulators likely influence the functionality of these cells. We found
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some follicular SIVfspecific CD8 T cells are RD positive and likely struggling with exhaustio
However, multiple studies showed that follicular CD8 T cells demonstrate strong cytotoxic
capacity despite the expression of inhibitory receptors such ds(P, 237) Besides, we

found a small subset of these cells directly contacted with Foxp3+ cells, or were themselves
Foxp3+, suggesting a potential inhibitory effect from Tergs. We also found a small fraction of
follicular SIV-specificCD8 T cells in early chronic infection were PARP+, suggesting they were

undergoing apoptosis.

The presence of follicular virespecific CD8 T cells with strong ability to control viral
replication were identified during chronic LCMV, HIV and SIV infecsdid3, 174, 229, 236
238). In particular, a perforinand granzyme Blependent mechanism was sugegésis the
dominant killing mechanism of follicular CD8 T cells in chronic HIV and SIV infec{@8v,
233). In line with this data, we found a large fraction of follicular Shécific CD8 T cells
during early infection exhibit cytolytipotential characterized by perforin expression. In
particular, many of follicular SI\specific CD8 T cells expressed high levels of perforin,
consistent with being effector T cells that are able to kill vinfiscted cells immediately after
recognition.Perforin expression level during early SIV infection was significantly higher than
chronic infection. Moreover, large proportions of follicular Specific CD8 T cells expressed
Ki67 in early infection which was also significantly higher than chronicisf&ttion, suggesting
they were activated and proliferating. A recent study demonstrated that frequency of CD8 T cells
express high levels of Ki67 during acute HIV infection was inversely correlated with plasma viral
load set point, suggesting CD8 T cailsliferation elicited in acute HIV infection is associated
with ensuing viral contra234). During early chronic infection, we found a fraction of SIV
specific CD8 T cells that contaBARP+ cells, suggesting these cells are actively killing virus

infected cells. Taken together, our data suggested that folliculasf@tific CD8 T cells have
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vigorous cytolytic potential to eliminate Sivifected cells in B cell follicles during early

infection.

Simultaneously, we found a significantly higher fraction of extrafollicular-§¥€cific
CD8 T cells express Ki67 than their follicular counterparts during early infection. In addition to
lack of CXCR5 expression which is necessary for homirig tell follicles, this may be another
factor contributes to the low level of follicular SBpecific CD8 T cells. Moreover, we found
similar level of extrafollicular SIVspecific CD8 T cells express perforin as their counterparts in
B cell follicles. Inconsideration of higher frequency, extrafollicular Specific CD8 T cells in

early infection likely have strong potential in controlling viral replication as well.

Rapid and high magnitude of amiral CD8 T cell responses are critical for immune
control of acute HIV infectior(234). The strategy to induce augmented frequency of functional
follicular virus-specific CD8 T cells may further enhance viral control. We found a significant
positive correlation between follicular and extrafollicular Tet+ cells during early SIV infection,
suggesting that induction of increased level of total-§pecific CD8 T cells via vaccination may
also generate more follicular S&pecific CD8 T cells dumg early infection. 115 is a cytokine
that facilitates CD8 T cells expansion, but has no preferential effect on the proliferation of Tregs
(190,230). Blockade of PBEL/PD-L1 in vitro and in vivo recovered the function of exhausted
CDS8 T cells(178, 219, 237and synergistically strengthened the viral control mediated by
adoptive transfer of CXCR5+CD8+ T cells in LCMV infected m(ité4). Given the high level of
PD-1 expression in follicular S”Répecific CD8 T cells during early ie€tion, blocking PBEL/PD-
L1 interaction may further assist vaccines or therapies in reducing viral replication. Moreever, IL
27 impedes CD4+CD25+Foxp3+ Tregs expansion and promotes activity of¢pewfic CD8 T
cells(231). Therefore, vaccination accompanied by therapeutic administrationrldf dnd 11-27
might result in relatively lower suppressive effect of Tregs and enhancedrah@€D8 T cell

responses. A recent study demonstrated that the presencesifeificantibody promotes the
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cytolytic activity of follicular CD8 T cells to kill HIV infected cell@37). This justifies the
potental of a bispecific antibody in facilitating the elimination of Hivifected cells. Another
study showed that a significant fraction of newly differentiated effector CD8 T cells undergo
apoptosis in spite of ongoing viral replication in acute HIV infec{&B84). Therefore, induction

of more follicular CD8 T cells with longerm memory phenotype is necessary to generate long

lasting viral suppression.

In summary, our data suggest tdaspite high levels of exhaustion and likely inhibition
by Foxp3+ cellsthe scarce follicular SAépecific CD8 T cells during early infection are likely
possess cytolytic potential and contribute to suppression of viral replication. Importantly, we
foundfollicular SIV-specific CD8 T cells are largely excluded from GCs during early infection.
This low levels of follicular SIVspecific CD8 T cells in GCs may set the stage for subsequent
persistent chronic infection. These findings support the strateginthation of a large
magnitude of follicular viruspecific CD8 T cells in early HIV and SIV infection via vaccination
can contribute to the elimination of virus infected cells, and thus have implications for future

strategies of HIV vaccines.
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TABLE 1 Rhesus macaques included in studies

MHC - Plasma

D DPI  genotypé Virus SIVRNA Route® Ki67 Perf Foxp3 PD-

number Penti (loguo 1
eptide ;

Copies/ml)

Rh2515 21 A01 Gag SlVmac239 5.94 Ve + + + -d
CM9

Rh2516 21 A01 Gag SlVmac239 6.61 v + + + +
CM9

Rh2520 21 A01 Gag SlVmac239 7.08 v + + + +
CM9

Rh2578 21 A01 Gag SlVmac239 6.87 v + + - -
CM9

Rh2579 21 A01 Gag SlVmac239 7.13 v + + + -
CM9

Rh2583 21 A01 Gag SlVmac239 7.00 v + + + -
CM9

Rh2584 21 A01 Gag SlVmac239 6.78 v + + + +
CM9

Rh2587 21 A0l1Gag SlVmac239 6.75 v + + - +
CM9

Rh2588 21 A01 Gag SlVmac239 6.43 v - - - +
CM9

aFull MHC allele name is A0l islamuA1*001:01

®Route of SIV infection.

¢ Rhesus macaques were infected with SIVmac 239 intravenously.

4 There were not enough follicles in stained tissue sections for quantitative image analysis.

DPI: Days Postnfection.
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Figure 1
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FIG 1 SIV-specific CD8 T cells are largely excluded from B cell follicles in early SIV infection.
(A) Representative lymph node section shows the distribution esf#¥¢ific CD8 T cells in

different compartments of lymph node. This section was stained with Mdrfi01/Gag CM9
tetramers to label SPgpecific CD8 T cells (red, and indicted with arrowshia image on the

right which shows tetramer staining alone), IgM antibodies (blue) to define follicles (F). Confocal
images were collected with a 20X objective and each scale bar indicates 1®) [Emequencies

of tetramer+ SlVspecific CD8 T cells in dierent compartments of lymph nodes during early

SIV infection. Frequencies of tetramer+ S$ygecific CD8 T cells in B cell follicle were

significantly lower (p = 0.0023) than those in extrafollicular regi@).Relationship between
frequencies of folliclar and extrafollicular tetramer+ Sispecific CD8 T cells. The frequency of
follicular tetramer+ SlVspecific CD8 T cells is significantly correlated with those located in
extrafollciular area (p < 0.0001). Representative images demonstrate the distrafsiV-

specific CD8 T cells within B cell follicle during early SIV infectidb &ndE). Sections were

stained with MamtA1*001/Gag CM9 tetramers to label SBpecific CD8 T cells (red, and

indicted with arrows in the image on the right which showamedr staining alone), IgM

antibodies (blue) to define follicles (F), and Ki67 antibodies (green) to label GC. Confocal images
were collected with a 20X objective and each scale bar indicates 100/@umbserved that

60.3% (44/73) of GCs were totally devaititetramer+ SlVspecific CD8 T cells). Very few

of tetramer+ SIVspecific CD8 T cells were found in the rest of GE} (
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Figure 2
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FIG 2 Many follicular tetramer+ SI¥specific CD8 T cells express PDduring early SIV

infection. A) Representative lymph node section shows tetramer+sgé¢ific CD8 T cells

express PEL inside and outside B cell follicle. This section was stained with Mamu
A*001:01/Gag CM9 tetramers to label SBpecific CD8+ T cells (red), RD antibodies (green)

to label PD1 expressing cells and CD20 antibodies (blue) to define follicles. Confocal images
were collected with a 20X objective and the scale bar is 100 um in the image on the left and 10
pm in the enlargementBj There is no significant difference bew®vethe percentages of PI3

cells within the tetrameinding population locate in follicular and extrafollicular regions. There
is no significant difference between percentages of tetramer-s{8#%ific CD8 T cells that are
PD-1+ during early and chroni8IV infection in both follicular (p = 0.8450L() and

extrafollicular area (p = 0.8238p}.
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Figure 3
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FIG 3 A subset of follicular tetramer+ Skgpecific CD8 T cells are likely inhibited by Foxp3+
cells during early SIV infectionA) Representative lymph node section stained with Mamu
A*001:01/Gag CM9 tetramers (red), IgM (blue), and Foxp3 (green) showing tetramer+ cells in
contact with Foxp3+ cells. Confocal images were collected with a 20X objective and the scale bar
is 100 um and.O pm in low and highmagnification images respectivel)(Representative
image showing tetramer+ cell is Foxp3€) Percentages of follicular tetramer+ Ségecific

CDS8 T cells that were in direct contact with Foxp3+ cells tend to be lower tharo#icuddr
tetramer+ SlVspecific CD8 T cells (p = 0.0956D) There was no significant difference

between percentages of tetramer+-Spécific CD8+ T cells inside and outside follicle that were
Foxp3+ (p = 0.5676) ) Representative image showing distion of Foxp3+ cells in lymph
node. Scale bar is 100 unk)(Frequencies of Foxp3+ cells inside follicles were significantly

lower than outside of follicle (p = 0.0080)
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Figure 4
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FIG 4 Foxp3+ Tregsnay have a stronger suppressive effect on follicularspl®tific CD8 T

cells during early SIV infection. There was significantly higher frequency of Foxp3+ cells during
early SIV infection than chronic SIV infection in follicular area (p = 0.0383) but not in
extrafollicular area (p = 0.1007B). Significantly higher percentage of tetramer+ Sphécific

CD8 T cells during early SIV infection contact Foxp3+ cells than those during chronic SIV
infection in follicular area (p = 0.0194¢{, but not in &trafollicualr area (p = 0.4999Dj. (E)
Percentage of follicular tetramer+ SBpecific CD8 T cells contact Foxp3+ cells during early

SIV infection tend to be higher than chronic infection (p = 0.0568)A{ the same time, the
percentage aéxtrafollicular tetramer+ SAspecific CD8 T cells contact Foxp3+ cells during

early SIV infection is significnatly higher than chronic infection (p = 0.0486). Ratios of tetramer+
SIV-specific CD8 T cells to Foxp3+ cells during early SIV infection werniiggantly lower

than chronic SIV infection in both follicular (p = 0.0419)(and extrafollicular area (p =

0.0197) H).
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Figure 5
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FIG 5 Ki67 expression levels in follicular and extrafollicutatramer+ SlVspecific CD8 T cells
during early SIV infection. Representative lymph node section stained with Mamu
A*001:01/Gag CM9 tetramers (red), IgM (blue), and Ki67 (green) showing tetramer+ Ki67+
cells in follicular and extrafollicular regioi\j. Scale bars indicate 100 um and 10 pm indow
and highmagnification images respectivelB)(Percentages of tetramer+ S$pecific CD8 T
cells that expressed Ki67 in follicular areas is significantly lower than extrafollicular areas in
lymph nodes during ely SIV infection (p = 0.0007). Percentages of tetramer+&gcific CD8
T cells that are Ki67+ during early SIV infection were significantly higher than chronic SIV

infection in both follicular (p = 0.0020%C) and extrafollicular area (p = 0.000D)(
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Figure 6
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FIG 6 There are significantly more tetramer+ Sdyecific CD8 T cells express perforin during
early SIV infection than during chronic SIV infection in follicular are®). Representative lymph
node section stained with Mar#it001:01/Gag CM9 teamers (red) and perforin (green)
showing perforin negative, perforin low, perforin medium padorin high MHGclass |
tetramer+ SlVspecific CD8 T cells. Scale bar indicates 10 pB).FRercentages of tetramer+
SIV-specific CD8 T cells that expresseelrforin in follicular and extrafollicular regions. Among
tetramer+ SlVspecific CD8 T cells, the distribution of cells across perfroin negative, low,
medium and high is not significantly different between follicular and extrafollicular regions.
Significartly higher percentage of tetramer+ S$gecific CD8 T cells during early SIV infection
express perforin than those during chronic SIV infection in follicular area (p = 0.G20&ut

not in extrafollicualr area (p = 0.050D). Simultaneously, signifiadly higher percentages of
tetramer+ SlVspecific CD8 T cells during early SIV infection express high level of perforin than
those during chronic SIV infection in both follicular (p = 0.0242), @nd extrafollicular regions

(p = 0.0135) ).
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Figure 7
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FIG 7 Cell death is not a major factor accounts for the low levels of follicularspBcific CD8

T cells. A) Representative lymph node section stained with Man@01:01/Gag CM9

tetramers (red), IgMblue), and PARP (green) showing tetramer+ PARP+ cells and tetramer+

cells in contact with PARP+ cells. Confocal images were collected with a 20X objective and the

scale bar is 100 pm and 10 pm in loand highmagnification images respectively8)(The

percentage of tetramer+ Specific CD8 T cells that are PARP+ is not significantly different

between follicular and extrafollicular regions (p = 0.199C). lowever, percentages of

follicular tetramer+ SIV¥specific CD8 T cells that were in direct contadth PARP+ cells was

significantly higher than extrafollicular tetramer+ S$ygecific CD8 T cells (p = 0.0043).
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Chapter 4

The human IL-15 superagonist ALT-803 directs SI\tspecific
CD8 T cells into B cell follicles
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Synopsis

During chronic asymptotic HIV and SIV infection, virpsoducing cells are highly concentrated
in B cell follicles in secondary lymphoid tissues. However, vapscific CD8 T cells are largely
excluded from this area. Therefore, limited accéssras-specific CD8 T cells to follicular
virus-producing cells is an important obstacle to eradicate HIV. Here, by usingpfeidted
rhesus macaques, we show that AR03, a novel human HL5 superagonist and potent
immunostimulatory molecule, drivesainatic expansion of SPgpecific CD8 T cells in blood
and lymphoid tissues. Importantly, AE03 drives significant accumulation of SBpecific CD8
T cells in B cell follicles, reducing the number of §ptvbducing cells within B cell follicles.

These datgustify the further evaluation of AL'BO3 for eradication of HINnfected cells.
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Introduction

While many studies demonstrated that vispecific CD8+ T cells are crucial for viral
control in HIV and SIV infectior(73, 147, 148150, 151, 16870, 203)thesecells fail to fully
control persistent viral replicatioB cell follicles have been identified as major sites of
productive HIV and SIV infection during asymptomatic chronic infec{i8) 74, 78, 136)
CD4+ follicular helper T cells (@) within B cell follicles are significant reservoirs responsible
for the persistent HIV/SIV infectio(¥8, 136) However, virusspecific CD8 T cell typically fail
to accumulate in large numbers in B cell follic(&8, 74, 79, 80, 236 he paucity of functional
follicular virus-specifc CD8 T cells is an important cause for the failure in controlling persistent
HIV/SIV infection. Therefore, induction of high levels of follicular virsigecific CD8 T cells is a
promising immunotherapeutic approach to reduce or eliminate-ivifeisted &+ hide in B cell

follicles.

Interleukinl5 (IL-1 5) , a -chaimaytokime, i critical for mediating T cell and
NK cell activation and proliferationt has been previously explored as a candidate to decrease
HIV reservoir size in patients on combinadtiretroviraltherapy (CART). Previous studies
showed that IE15 triggers NK cell expansion and preferentially stimulates proliferation of CD4+
and CD8+ effector memory T cells in rbimman primate models for HIV infecti¢h92, 193,
241). Besides, IE15 has been demonstrated to effectively reactivaterkiplication in latently
infected cell4242). Therefore, 115 is a good candidate for immunotherapy against HIV

infection.

However, the short halife and limited bioavailability of the soluble 115 molecule
restrict its clinical application. Moreoveni ¢ o nt r a shain tymkinestsicle as-2 and
IL-7 that circulate as soluble protein until they bind to their receptor directly on target immune
cells, IL-15 needs to bind the 15 receptor alphacha(lL-1 5RU) f i rst t o be r eac

subsequent presentation to target déi@t, 195) These limitations impede the use of freelf
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in clinical immunotherapyDevelopment of the H15 superagonist, AL-B0O3, circumvents these
limitations, allowing for a more comprehensive evaluation effladministratiorduring HIV

infection.

ALT-803 consists of a human IgG1 Fc fused onto twa@3RUunits, each of which
boundgo a novel I:15 monomer mutant, 15720, which possessesfbld higher activity than
wild type IL-15 (198). Through these madifications, ALF03 exhibits 25old higher biological
activity and a 35old longer halflife in serumcompared to free H15(199). Therefore, it results
in potent stimulation of NK and memory T cgl99). ALT-803 is well tolerated in both mice
and cynomolgus macaques at a dose ofyifikg and no systemic cytokine storm was induced
after ALT-803 administratiorf198). In considerabn of the safety and promising results in cancer
immunotherapy research, AE03 is being explored as a method to enhancevaatimmune
response during chronic HIV infection. For example, A203 has been demonstrated to drive
NK cells activation anguppress HIV replication during acute infection in a humanized mouse
model of HIV infection(200). Moreover, ALT-803 was shown to ankedly reverse HIV latency
and strengthen the ability of CD8 T cells to kill Hproducing cells in am vitro cell culture

model(201).

Here, we explored tha vivo effect of ALT-803 in the setting of established chronic viral
infections using SIMnfected rhesus macaques. We showed that-8Q3 drove dramatic
expansion of SIvspecific CD8 T cells within peripheral blood and lymph nodes. Moreover, in
the presence of AL'B03, CD8+ T cells displayed a-56ld increase in CXCR5 mRNA and a
corresponding increase in surface expression of CXCR5. Importantly, we observed significant
accumulation of Siwspecific CD8 T cells inside B cell follicle and more even distribution of
these cells in the follicular and extrafollicular regions. These findings suggest the8@d_iE a

good candidate to promote progress in HIV eradication.
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Materials and Methods

Reagents, animals, and veterinary procedures.

All rhesus macaquesviacacamulattg and Mauritian cynomolgus macaquédataca
fasciculari9 used in this study were housed at the Oregon National Primate Research Center
(ONPRC) and utilized fostudies under the approval of the Oregon Health and Science
University (OHSU) Institutioal Animal Care and Use Committee (IACUC). All macaques in this
study were managed according to the ONPRC animal care program, which is fully accredited by
AAALAC International and is based on the laws, regulations, and guidelines set forth by the
United Sates Department of Agriculture (e.g., the Animal Welfare Act and its regulations, and
the Animal Care Policy Manual), Institute for Laboratory Animal Research (e.g., Guide for the
Care and Use of Laboratory Animals! &lition), and the Public Health S&re Policy on
Humane Care and Use of Laboratory Animals. Thd3Lsuperagonist AL-BO3 was generated
by Altor Biosciences as previously describetll ALT -803 injections were given as intravenous
bolus doses of either 6  etigns, kKBgdU was su$pérdled atgld k g .
mg/ml in HBSS (HyClone Laboratories, Logan, UT, USA), and then injected intravenously in the

saphenous vein at a rate @32ml/min for a total dose of 60 mg/kg of BrdU.

Blood and tissue processing.

Whole blood was collected into EDT#eated tubes (BD Biosciences, San Jose, Ca,
USA). Blood was assessed for complete blood counts using an ABX Pentra 60 C+ (Horiba,
Irvine, CA, USA). Lymph node and spleen were diced with scalpels and then forced through
70em cel |l strainer . The strainer was -celli nsed
suspension. Immune cell phenotyping was conducted on whole blood samples that were washed

twice in 1X PBS and then surfastained for 30 minutes at room temperat@amples were then
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incubated in 1 ml FACSLyse for 10 minutes, spun at@8@ 4 minutes, and washed three times

in 1X PBS, supplemented with 10% FCS (FACS buffer). For Ki67 assessment, fixed cells were
washed twice in 1 mg/ml saponin (saponin buffer)l atained overnight at 4°C. For BrdU
assessment, fixed cells were washed twice in 1:1 mixture of saponin buffer and 2X BD
FACSPerm, then washed once in saponin buffer, and stained for 1 hour at room temperature in
the presence of 0.5 mg/ml DNase |. Follogistaining, samples were washed twice in saponin
buffer and then run on an LSR Il (Becton Dickinson, Franklin Lakes, NJ, USA). Flow cytometric

data were analyzed using FlowJo, version 10 (TreeStar Ashland, OR, USA).

Quantitative real-time reverse transciptase PCR.

PBMC were sorted for CD8b+ T -comjlgatedandii a mag
CD8h antibody (cl one 2ST8-PbEMidrqgBeadsqMiltemgiaBiotectoul t er
Purified cells were resuspend@dR10 and incubated with or without 10nM ALT803. Cells were
subsequently collected at days 1, 3, and 5 and RNA was extracted using AllPrep DNA/RNA mini
kit (Qiagen). Relative quantitative reftine reverse transcriptase PCR was performed using
AgPathID OneStep RTPCR reagents (ThermoFisher Scientific). Primer pairs for detection of
rhesus CXCR5 and internal bedatin control are as followsCXCR5 ( f or war d, 506
TTCACCTCCCGATTCCTCTAS3 6 ; r e VGAACCEGTGCAGTACCCGCS3 6 )betaactin
(f or waATGCTTCBABGCGGACTGTG3 6 ; 1 e-WARAGGGATGCBAATCTCATC
36). The TaqMan probe -GCATNCETGCTECACATGCB RACRB dwd ®r 5
betaact i n, t he pr obT&CGTTAQACECTTTETTBALCAAAACG3 0 . Bot h
probes were | abel ed-caddayflubreseecin o AMINdanwd td &2d 5B &
quencherl (BHQ-1). The Applied Biosystems StepOnePlus Reéale PCR System
(ThermoFisher Scientific) was used for riadle PCR analysis. Thermal cycling conditions were

designed as follows: initial denaturation%°C for 10 minutes, followed by 40 cycles of 95°C
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for 15 s and 60°C for 45s. RNA levels in all samples are relative to housekeeping gene, beta

actin.

In situ tetramer staining combing with immunohistochemistry.

In situ tetramer staining combined with imunohistochemistry was performed on fresh
lymph tissue specimens shipped overnight, sectioned with a compresstome and stained essentially
as previously describéd Biotinylated peptidédoaded MHGclass | monomers for Mamu
A1*001:01 Gags1186CM9, Mamu-A1*002:01 Nefsg167YY9, and MamuB*08:01 Nefizz146RL10
(National Institute of Health Tetramer Core Facility, Emory University, Atlanta GA) were
converted to FIT@abeled MHGclass | tetramers. Fresh lymph node sections were incubated
with MHC-class | tetramers (0.5 pg/ml) andtantrhuman CD8 antibody (2 pg/mL,
cloneYTC182.20, Acris). For secondary incubations, sections were incubated with 1)anatbbit
FITC Abs (0.5 pg/mL, BioDesign, Saco, ME) and mceasg-human CD20 Abs (0.19 ug/mL,
clone L26 Novocastra), or 2nouseantithuman CD20 Abs (0.19 pg/mL, clone L26,
Novocastra) and rantthuman CD3 Abs (2 pg/mL, clone CE2, BioRad). For the tertiary
incubations, all sections were incubated with €g8jugated goaantirabbit Abs (0.3 pg/mL,
Jackson ImmunoResearch Laboratories), Alexa -d@8jugated goaantimouse Abs (0.75
pg/mL, Molecular probes), and Cygonjugated goat antat Abs (0.3 pg/mL, Jackson
ImmunoResearch Laboratories). Sections were imaged using a Zeiss LSM 800 confocal
microsc@e. Montage images of multiple 512 x 512 pixels were created and used for analysis.

Confocal zseries were collected in a step size of 1.23 pm.

Detection and quantification of SIVmac239 RNA producing cells in lymphoid tissue.
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SIVmac239 RNA producing cells were detected on 5 um thick formalin fixed paraffin
embedded sections of lymph node (LN) using RNAsBopechnology (Advanced Cell
Diagnostics, ACD, Newark, CA). Briefly, fresh cut sections were dewaxed in Xylene, subjected
to epitope unmasking by heating in citrate buffer (ACD, treatment 2), protease treated (ACD) and
incubated with probe to Sl Vma%253détectiorokitwih hour s
FastRed was used to amplify and detect the probe. Sections wererstaimed by blocking
with 1% normal donkey serum (Jackson Labs, Bar Harbor, ME) and 0.5% Casein (Vector
laboratories, Burlingame, CA) in Tris Buffered Saline (TBS), staining with Rabbit anti CD20
(abcam, Cambridge, MA) to identify follicles, followed byceadary staining with AF647
labeled donkey anti Rabbit IgG (Invitrogen). Sections were counterstained with DAPI, mounted
in SlowfadeE Diamond antifade (Ilnvitrogen) anoct
Biosystems). Aperio Image Scope (vs12.33( Leica Biosystems) was used to quantify virus
producing cells and measure total and follicu

evaluated for each LN.

Statistical analysis

The repeatedneasures ANOVA test was used for all longitudistidies. Statistical
analyses were conducted using GraphPad Prism version 6.0 (GraphPad Software, La Jolla,

California, USA). Statistical significance of the findings was setpavalue of less than 0.05.
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Results

ALT -803 induces expansion of T cells and NK cells

Due to its effects on T cell and NK cell proliferation within the blood, administration of
IL-15 has been previously explored as a potential candidate for immune restoration during
chronic SIV infection in macaqu€$92, 193) Since ALT803 has a longer serum hiife,
greater tissue distribution, and is more biologically active thantyid IL-15, we hypothesized
that ALT-803 woud also positively impact anlV immune response, particularly in elite
controller macaques with low plasma viremia. To explore this hypothesis, thraef&ttéd

controller rhesus macaques were administered 100 pg/kg of8@BTintravenously.

Similarto IL-15, ALT-803 induced expansion of both CD4 and CD8 T cells in peripheral
blood (Fig. 1A). The change in T cell populations were associated with a significant increase in
expression of the cell proliferation marker Ki67 after ABJ3 injection (Fig. 1R
Simultaneously, CD16+ NK cells exhibited a marked expansion on 5 days pos808LT
treatment (Fig. 1A). Consistent with increased NK cell populations, we observed significantly
increased expression of Ki67 in CD16+ NK cells on day 5 post treatmerii¢gpd. C). These
data indicate that AL'BO3 stimulates dramatic proliferation of CD4, CD8 T cells and NK aells

Vivo.

ALT -803 drives significant increase of SiVspecific CD8 T cells within lymph nodes

After evaluating the effect of AL-BO3 on total CDJ cells, we next assess its effect on
SIV-specific CD8 T cells. Six ShNhfected rhesus macaques (3 progressors and 3 controllers)
receivedl00pg/kg ALT-803. Lymph nodes were sampled before A203 treatment and 5 days

posttreatment. Percentage of Sgygecific CD8 T cells was measured by MHC class | tetramer
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staining in lymph nodes and PBMC. There was a trend toward increased numberspé&8fi¢
CD8+ T cell in peripheral blood, but it did not reach statistical significance. In contrast, there was
a maked and statistically significant increase of &pecific CD8 T cells within lymph nodes

post ALT-803 (Fig. 2).

CXCRS5 expression in CD8 T cells increases after AL-BO3 treatmentin vitro

Chemokine receptor, CXCRS5, is typically upreguldtedctivated T cells and promotes
T cell migration into B cell follicles within secondary lymphoid tiss(le&t, 207, 229)We next
measured whether AL-BO3 treatment affect expression of CXCR5 on CD8+ T cells by treating
PBMC with 15 nM ALT-803 for 5 daysn vitro. Quantitative realime reverse transcriptase PCR
detected that CD8+ T cells exposed to ABU3 exhibited a 5@old increase in CXCRERNA
(Fig. 3A). Accordingly, flow cytometry showed that AL303 treated CD8+ T cells displayed a

significantly increased surface expression of CXCR5 (Fig. 3C).

ALT -803 stimuates significant accumulation of SI\tspecific CD8 T cells within B cell

follicles

A major hurdle to eliminate HIV infection is that limited ability of virsigecific CD8+ T
to enter B cell follicles to kill HIVinfected intrafolliculartCD4+ T cells within lymph nodes of
HIV -infected patient$§73, 74, 78) This exclusion of viruspecific CD8+ T cells from B cell
follicles allows for the persistence of HIV infection. The significant increase okspgé¢ific CD8
T cell in lymph nodes and elevated expression of B cell follicle homing molecule CXCR5 in CD8
T cells led us to test whether virapecific CD8 T cells were gaining access to the B cell

follicles.
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In order to address this, we attained lymph node samples fradi\sixfected rhesus
macaques (progressor n=3 and controller n=3) before and five daysQifieg/kg ALT -803
treatment and subsequently perfornmeditu staining of lymph node sections with MHC class |
tetramers to stain for Shgpecific CD8 T cells. We also counterstained with antibodies against
CDS8 to specify CD8+ T cells as well as CD20, allowing us to identify B cells and thus define B
cell follicles. As previously describeV3, 74) SIV-specific CD8 T celldocalized predominantly
in the extrafollicular space in lymph nodes of SiWected rhesus macaques before treatment
(Fig. 4A). However, following ALT803 treatment, the total number of Sdyecific CD8 T cells
within the lymph node increased dramatica¥iyth significant accumulation within B cell
follicles (Fig. 4B and C). This infiltration of SPgpecific CD8 T cells into B cell follicles
normalized the distribution of antiral CD8+ T cells between the follicular and extrafollicular
space (Fig. 4D)in accordance with the presence of increasedvénati effector CD8+ T cells in
follicles, lower numbers of SNproducing cells were found within the B cell follicles of the

controller rhesus macaques following ABD3 treatment (Fig. 5).

Moderate increase of NK cells in B cell follicles is observed after AL-BO3 treatment

In contrast to significantly increased percent of CD8+ T cells in lymph nodes, we
observed similar percent of NK cells in lymph node before and after@U3Ttreatment (Fig.
1D). Giventhe dramatic accumulation of S&pecific CD8 T cell in B cell follicle after

treatment, we tested if AL-B03 affected the distribution of NK cells in lymph nodes.

To answer this question, we performed immunohistochemistry on lymph node sections
from three SlVinfected rhesus macaques before and five daysitgug/kg ALT -803
treatment. We used amtiKG2A antibody to stain NK cells. Simultaneously, we courstaihed

sections with antibodies directly against CD20 to label B cell follicles, and antibodies against
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CD3 to label T cells. We found that NK cells located both inside and outside B cell follicles
before and after treatment (Fig. 6A and B). Quantitativeyaisashowed no significant increase

in total and extrafollicular NK cells. However, we observed a modest increase of NK cells in B
cell follicle after ALT-803 treatment (Fig. 6C). Similar to SBpecific CD8 T cells, there was
lower level of NK cells locad in B cell follicles compared to extrafollicular regions (Fig. 6D).
These results suggest that ABD3 can induce elevated level of NK cells within B cell follicle in

SlIV-infected rhesus macaques.
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Discussion

IL-15 is considered a powerful candidate for immunotherapy in the context of cancer and
HIV infection because of its ability to promote T cell and NK cell proliferation. Moreover,
therapeutic administration of 115 induces restoration of the primary targeHIV, the CD4+
effector memory T cell population, in the context of ARB3). Additionally, IL-15 causes HIV
reactivation in latently infected celis vitro (201). Although IL-15 treatment is a viable strategy
as an immunotherapy, the special trarssentation mechanism, restricted bioavailability and

short halflife in serum of 1l-15 limit its application in clinic.

ALT-803, a novel IE15 superagonist, exhibits potent immunostimulatory effect on CD8
T cells and NK cells, and prolonged htdé in serum than IL15. Moreover, it demonstrated
superior antitumor activity and has beeoyed as an ideal substitute for1l5 in cancer
immunotherapy198, 199, 243, 244Recent studies also showed that ARJ3 can not only
activate NK cells that can suppreéssivoacute HIV infection in humanized mi¢200), but also
can reverse viral lateng201). In this study, we found that a single administratibAloT -803
substantially increased proliferation of CD4 and CD8 T cells, and CD16+ NK cells in SIV
infected rhesus macaques. Many studies demonstrated that CD8 T cells have a critical role in
controlling both HIV and SIV infectiofi73, 147, 148, 150, 151, 1480, 2(). Expanded
populations of CDd cells in peripheral blood and lymphoid tissues induced by-803 may
further strengthen the viral control. A previous study showed thablimay promote restoration
of CD4 T cell compartments in the setting of ARIB3). ALT-803 may also contribute to the
restoration of CD4 T cells through triggering significant proliferation of this cell population.
However, consistent with previous observati8), we showed thahe stimulation of ALF
803 on lymphocytes proliferation was transient, which is inadequate fetdomgviral control.
ALT-803 is capable of improving NK cell activiily vitro through inducing increased expression

of cytolytic molecules perforin anda@nzyme B, as well as increased CD107a, a marker of
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degranulatior{200). Thus the impaired NK cell responses induced by HIV infection may be
ameliorated by ALT803 treatment which is able to enhance the proliferation and cytotoxicity of

NK cells (245).

It is well known that HIVV and SIMCD8 T cells are largely excluded from B cell follicles
(73, 74, 79, 8Q)Moreover, it has been demonstrated that these B cell follicles become major sites
for viral replication and can avoid the threat of antiviral CD8 T cells during asymptomatic HIV
and SIV infection(73, 78, 136, 238)n the apparent lack of virtspecific CD8 T cell
surveillance, B cell follicles are establishas longasting anatomical viral reservoirs of the HIV
and SIV infection. Here we demonstrated that, in-Bifécted rhesus macaques, AB03
triggers significant upregulation of CXCR5 which is the key homing molecule for CD8 T cells to
lymphoid follicles. Importantly, more SAspecific CD8 T cells accumulate in B cell follicles
vivo. Given our observations, AL803 promotes the trafficking of virtspecific CD8 T cells
into B cells follicles in lymph nodes, thus providing a powerful tool to moretefédg bring
potent antiviral CD8+ T cells to the site of the latent viral reservoir. Furthermore, we also found a
significantly lower level of NK cells in B cell follicles. Importantly, AL803 drove moderate
increase of NK cells in B cell follicles todhese findings suggest that, in addition to enhancing
NK cells activity, ALT-803 also induces increased frequency of NK cells in the major sites of

viral replication during SIV infection.

In conclusion, by using SFhfected rhesus macaques, we demoteirthat ALT803 is
a good candidate as immunotherapeutic agent for HIV eradication strategies. First, given its
potent immunostimulatory effect on memory T cells and cytotoxic NK cells -203 may
improve immune cell effector functions to contributegduction and clearance of the viral
reservoir. Secondly, we found that AI8D3 stimulates accumulation of SBpecific CD8 T cells

and NK cells in follicular sanctuaries of virpsoducing cells. Taken together, these data
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highlight the great potential dfie application of ALT803 in seeking strategies to eradicate HIV

infection.
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Figure 1
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FIG 1 In vivoadministration of ALT803 induces expansion of CD4, CD8 and NK cells in
peripheral blood. SIvinfected controller rhesus macaques (n=3) were administered 100 pg/kg of
ALT -803 intravenously.X) Dynamics of CD4, CD8 and NK cells in whole blood before and

after ALT-804 administration. Proliferation of CD4, CD8 T cely @énd NK cells C) were
determined as a percentage of Ki67+ cells of that particular lymphocyte population. Absolute
counts were calculated based on the percentage of the particular oetllssubthe WBC count.

Data shown are means (+ SEM) of combined data from all three animals. *, P<0.05; **, P<0.01;

*** P<0.001 comparing time points to time point zero.
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Figure 2
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FIG 2 ALT-803 drives significant increase of SBpecific CD8 T cells within lymph nodes.

Percentage of SPépecific CD8 T cells, measured by MHC class | tetramer staining, increased

significantly after ALF803 administration in lymph nodes but not in PBMC.
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Figure 3
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FIG 3 ALT-803 stimulates increased CXCR5 expression of CD8 Tirceitro. (A) C D 8-dorted
T cells from 6 rhesus macaques were cultimedtro for 7 days with or without 15 nMLT -803
and CXCR5 mRNA levels were determined via quantitativeHiCR at days 1, 3, 5 and 7 post
treatment.B) PBMC from 9 rhesus macaques and 3 cynomolgus macaques were daltuined
for 5 days with or without 15 nM ALB03. CD8+ T cells were thessessed for surface

expression of CXCRb5.
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Figure 4
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FIG 4 ALT-803 stimulates significant accumulation of Specific CD8 T cells within B cell

follicles. Representative images of MarAt001/GagCM9specific tetramer positive cells (red),

CD20+ cells (green) and CD8+ cells (blue) in lymph node sections taken froinf8tted

animal Rh31252 beforé\j and 5 days afteB) ALT-803 treatment. CD20 staining is used to

define B cell follicles (F) and extrafollicular regions (EF) outside Bfodlitles. The images on

the far right show the same field as presented in middle panel with only the red tetramer staining
shown. Each tetramdri ndi ng cel | is indicated wiCt h a whit
Numbers of tetramer positive Specifc CD8 T cells per miinside and outside of the B cell

follicle as well as total tissue before and after ARJ3 treatment.[¥) F:EF ratio of tetramer

positive SI\tspecific CD8 T cells per mhefore and after ALIBO3 treatment.
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Figure 5
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FIG 5 ALT-803 reduces the number of Sproducing cells within B cell follicles. SFhfected
controller rhesus macaques (n=3) were administered 100 ug/kg eBBR Tntravenously.

Lymph nodes were sampled before ABU3 treatment and 5 days portatmentind RNAscope
analysis was used to determine the number of@bducing cells in lymph nodesA)
Representative image of RNAscope analysis of lymph node. RNA+ cells (red, white arrows)
detected in lymph node tissue section of SIVmaea8cted rhesus ncaque prior to treatment
with ALT-803 (animal 25884). B cell follicle (demarcated by white line) was determined
morphologically by staining with CD20 (white). Tissue was counterstained with DAPI (blue) to
identify cell n u ¢ |B¢CGonpiled data ofithe dumlcendf Spsodu2ifigd & m.
cells in B cell follicular (F) or extrafollicular (EF) space within lymph nodes of-iafected
controller rhesus macaques pre and post-808 treatment.§) F:EF ratio of SIVproducing

cells evaluated in lymph es before and after AL803 treatment.
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Figure 6
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