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SUMMARY

T cells are an important part of the acquired immune system. They providmiityagainst a
variety of different pathogens, including both extracellular and intracepathogens. T cells utilize
many mechanisms to fight infections. CD4+ helper T cells produce cytokines/aieaeffector
immune cells, such as CD8+ T cells, macrophages, B cells, and neutrophils. CD&tcarcdirectly
kill infected cells. \y2Vé2 T cells provide both helper and cytolytic functions. Although there are
innate immune cells that can provide many of these functions, T cells provide thé diemeinory.
When antigen is initially encountered, naive T cells that recognize thgeaatie activated and
proliferate. After the infection is cleared, the majority of the aat/at cells die, but a few remain and
become memory cells. Upon re-infection, memory T cells quickly respond aablar® fight off the
secondary infection more rapidly. The adaptation of an acquired immune response has been a
important part of protection against serious infections.

Although a great deal of research has been performed studying T cedlsgristill many
guestions regarding their function in various infections. For example, CD4+ BRillmportant for
controlling malaria parasite levels, as inhibition of T cell responses in humabedraassociated with
severe disease. However, a lack of regulatory T cells has also beeatadsoith severe disease. This
evidence suggests that a proper balance of activated CD4+ T cells is crun@imfection, but the
specifics of this balance, such as what types of T cells must be activdtediem are not fully
understood. This balance becomes even more difficult to discern during coinfectionia lstadbH IV
have significant geographic overlap, and coinfection is very common. As HixMsr@®4+ T cells and
has its own immunopathological consequences, the immune interactions of theséntgernstvould
be very complex. It is possible that HIV-induced CD4+ T cell death would resultreased malaria
disease. On the other hand, it is also possible that malaria-induced CD4+ Tivadibacivould result
in increased HIV replication. Several studies have been performed lookingeaptissgbilities, but

there is little information available regarding the immune responses involvad.inn our studies, we



SUMMARY, (cont.)
found that malaria disease and AIDS progression are both significantly enldamicggcoinfection of

naive subjects. However, during malaria coinfection of chronic-AlDS-virus @dfesttbjects, malaria
and AIDS-disease were only moderately enhanced. The different outcomessé dippeared to be
due to differences in the type of CD4+ T cell responses elicited duringiamfec

Vy2V52 T cells are a specific type o3 T cell that are only found in primates. They are unique
from other types ofd T cells in that they recognize small phosphorylated molecules termed
phosphoantigens. They therefore can respond to a variety of pathogens and even certaelisumor
Vy2Vs2 T cells, for example, have been shown to expand in malaria infection of humahs, and
monocytogenes infectionin vitro. They produce cytokines such as {fRerforin, and IL-4. However,
the exact role of ¥2V62 T cells during infection is still poorly elucidated. We found thg@@W62 T
cells were activateth vivo by L. monocytogenesmfection, but noP. fragile malaria infection.
Activated W2V62 T cells could co-produce different types of cytokines, and were able to diysetly

infected cells.



CHAPTER 1- Introduction
A. T cdls
1. T cell biology

T cells are lymphocytes that develop in the thymus, and play an important roleunitgnm
against pathogens. Because many T cells develop memory, they are ablatéoraptd and potent
responses upon secondary or later infections. There are several types and sulbtgp#s, athich all
have different, specific roles in immunity. T cells recognize antigen via tb# feceptor (TCR)
(Krogsgaard and Davis 2005; Smith-Garvin, Koretzky, Jordan 2009). The TCR can be abafpose
either ann andp chain (Hedrick et al 1984; Malissen and others 1984; Yanagi et al 1984 )amda
chain (Brenner et al 1986; Hedrick et al 1984; Yanagi et al 1984), and the chainexkpresise cell is
determined during thymic development (Ciofani and Zuniga-Pflucker 2@J0). cells are considered
conventional T cells. They generally express either the CD4 or CD8 coeepepéecule, recognize
peptide antigen presented by major histocompatibilty complex (MHC) molecntkar@considered
part of the adaptive immune system (Smith-Garvin, Koretzky, Jordan 2009). On thieasttiemurine
vd T cells often do not coexpress CD4 or CD8, though some prigdteells may express the CD8
coreceptor (Ali et al 2007)yd T cells recognize a variety of microbial antigens including glycolipids
(O'Brien et al 2007) and small phosphorylated molecules termed phosphoantigen£{ldi 2001;
Wang et al 2003)yo T cells are mostly considered to be either part of the innate immune system, or a

bridge between innate and adaptive immunity (Chen and Letvin 2003).

When a T cell is activated by antigen, a complex signaling cascade, velgiicis results in
development of effector functions (Smith-Garvin, Koretzky, Jordan 2009). The cytokisestpre
during activation, the presence of CD4 or CD8, and whether the T cell hioam TCR all influence

the effector function a T cell will possess after activation.



2.CD4+ T cdlls

T cells bearing the CD4 coreceptor are generally considered hetedis,Twhich are vital for
the proper activation and function of innate immune cells, B cells, and CD8+ T C&lit+ T cells
recognize antigen presented by professional antigen presenting célls)(A®PCs ingest antigenic
particles present the antigen to CD4+ T cells via MHC class Il mokc@®4+ T cells are divided into
different subtypes, including T helper 1 (Thl), Th2, Th17, and regulatory T cells,(@Hegith
different effector functions. The effector function of a CD4+ T cell isr@ihed during development
and activation. Th1l cells, under control of the transcription factor T-bet, are Igemehaced by IL-12
and are proinflammatory, producing interfeno(iFNy) and tumor necrosis factar(TNFa) (Tablel,
Reiner 2007; Zhu and Paul 2010; Zhu, Yamane, Paul 2010). Th1l cells assist in cell-mediatityimm
against intracellular pathogens by activating CD8+ T cells and magegh®ver-activation of Thl
cells can result in immunopathology and autoimmune disease. Excess Thloackigatbeen shown to
be involved in immunopathogenesis in malaria (Good et al 2005) as well as human immunogeficienc
virus (HIV) infection (Douek, Roederer, Koup 2008; Margolick et al 1987). In the casdarfana
excess inflammation leads to tissue damage (Good et al 2005) and causes spughcsdever.
During HIV infection, activation of Th1l cells actually increases viralicagibn via activation of the 5’

Long Terminal Repeat (Douek, Roederer, Koup 2008; Margolick et al 1987).



Tablel

Induced by Major Produces Function Inhibited by
Transcription
Factor
Thl IL-12 T-bet, STAT1 | IFNy, TNFa Intracellular | IL-17, IL-4
pathogens
Th2 IL-4, IL-10 GATA-3 IL-10 Extracellular | T-bet
pathogens
Th17/Th22 | IL-23, TGFB, | RORyt IL-17, IL-22, | Extracellular | IFNy
IL-6 IL-23 pathogens
Treg IL-2, TGFB FOXP3 IL-10, TGFB | Regulation IFNy
of T cell
response

IL-17- and IL-22-producing T cells have recently received a great detibafian. In mice, IL-
17 and IL-22 are produced by the same cell population (Martin et al 2001; Zhu and Paul 2010; Zhu,
Yamane, Paul 2010), whereas in humans these cytokines are produced in sepa@ialaghns
(Trifari et al 2009; Yao et al 2010). Th17 cells are induced by FGE-6, and IL-23 in humans, and
controlled by the transcription factor R@RTablel, Zhu and Paul 2010; Zhu, Yamane, Paul 2010).
Like Thl cells, Th17 and Th22 cells are considered proinflammatory, and have beeatedphca
variety of autoimmune diseases (Iwakura et al 2011). However, they have impataditiye roles
during microbial infection as well. Depletion of IL-17-producing T cellsmygarly AIDS-virus
infection has been shown to be a part of viral pathogenesis (Favre et al 2009)Tlokg oélls
permitted microbial translocation across gut mucosae, which is a candamiation and
immunopathogenesis (Raffatellu et al 2008). In addition, IL-17-producing Theelésprotective roles
in toxoplasmosis (Kelly et al 2003), monocytogenes infection (Conti et al 2009), arilebsiella
pneumoniae infection (Curtis and Way 2009; Hamada et al 2008; Zheng et al 2008). IL-17 targets

epithelial cells, keratinocytes, T cells, B cells, and macrophages, inducidgction of



proinflammatory cytokines and chemokines, neutrophil recruitment, production of aobralc
peptides, osteoclastogenesis, angiogenesis, and promotes T cell primingkeody gambduction
(lwakura et al 2011). IL-22 is suspected of being able to help protect epibzhiars by inducing
tissue repair and production of matrix metalloproteinases (Sonnenberg, Fotis&2QAt; Zelante et al

2011).

The Treg phenotype is induced by IL-10 and T&Zhu and Paul 2010; Zhu, Yamane, Paul
2010). These cells help regulate immune responses by inhibiting replication of GD&D8+ T cells
(Gondek et al 2005; Sakaguchi et al 2006). Th2 cells are induced by and produce pringariljhiky

activate B cells to produce antibody (Zhu and Paul 2010; Zhu, Yamane, Paul 2010).

Once a CD4+ T cell has committed to a lineage, it produces cytokines that promotigncent
to that subtype, as well as cytokines that inhibit development of other subfgiés1). Thl-
produced IFN inhibits GATA-3, the main transcription factor responsible for development of Tis2 ce
as well as ROMR, and thereby development of Th17 (Yang et al 2011) and Th22 cells (Yao et al 2010).
Th2 cells counter-regulate proliferation of Thl cells, as IL-4 inhibits sigg#tat promotes a type 1
phenotype (Hegazy et al 2010; Zhou, Chong, Littman 2009). IL-17 and IL-22 appear tolki\tybit

producing Thl cells (Yao et al 2010).

3.CD8+ T cdlls

CD8+ T cells, also called cytolytic T lymphocytes (CTL), recogpigtide antigen from
intracellular pathogens, including bacteria, viruses, and protists. Antigen, prodtitedhe infected
cell then process by the proteasome, is presented to CD8+ T cells by Mi4C rmlalecules, which are
present on all nucleated cells (Harty, Tvinnereim, White 2000; Zhu and Paul 2010; Zhu, Yaane, P
2010). CD8+ T cells can kill infected cells either by production of cytolytickiyes, such as perforin

and granulysin, which create holes in the cell membrane, or by upregulation of Fas (GHD5L),
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which will lead to apoptosis of the infected cell upon binding to Fas (CD95, Hartyy@reim, White
2000). In addition, CD8+ T cells produce cytokines such ag #fd TNF., and chemokines (Harty,
Tvinnereim, White 2000). Cytokines and chemokines produced by CD8+ T cells would have roles
similar to cytokines produced by CD4+ T cells, such as recruitment of phaeogtestivation of

effector cells.

4.9y T cells

T cells expressing they2 (also called Y9) and \62 T cells are the predominant subset of
circulatingyd T cells in humans and nonhuman primates2\X62 T cells recognize and respond to
small, phosphorylated metabolic intermediates of isoprenoid biosynthesisl {ghmephoantigens (Ali
et al 2007; Hintz et al 2001). Because only primates, such as humans and monkeys, have
phosphoantigen-specifi@ T cells, mice and other small laboratory animals cannot used to be study this
cell type. Though the molecule used to present phosphoantige2%s /T cells is not known, there is
evidence suggesting that F1-ATPase may be involved (Scotet et al 2005), andekitdotact is
required for activation (Morita et al 2001; O'Brien et al 2007; Wei et al 2008). Isoptansinthesis
occurs by one of two pathways: the classical, mevalonate pathway, found in highgotskand the
alternative, non-mevalonate pathway, found in prokaryotes such as Gram+ lzatdhia plastids of
eukaryotes (Hintz et al 2001). Due to their recognition of phosphoantige2gp¥' T cells are activated
in response to a wide variety of microbes, includirggeria monocytogenes (Begley et al 2004),
mycobacteria (Shen et al 2002), malaria (Dieli et al 2001), and smallpox (Sh20@®) as well as
tumor cells (Scotet et al 2005). While most evidence suggests that the foreign phogphdg)-4-
Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) is the primaryatotg molecule of Y2Vé2 T

cells during infection (Hintz et al 2001), some evidence suggests that accamafaibst-produced



isopentenyl pyrophosphate (IPP) may activag@\W62 T cells instead (Kistowska et al 2008).

Activation of WW2Vs2 T cells by viral infection (Shao et al 2009) indeed supports the role of IPP in the
activation of W2Vs2 T cells during microbial infection. IPP has been usedhfatro activation and
proliferation of W2Vo2 T cells, however it requires a 1000-fold higher concentration compared to
HMBPP for similar bioactivity (Hintz et al 2001). This difference in bioatstibetween foreign

HMBPP and endogenous IPP may be a methodJ8w%2 T cells to differentiate between host cells

and foreign or altered self cells.

Uponin vivo activation with phosphoantigeny2Vvé2 T cells proliferate rapidly, comprising up
to 70% of total T cells (Ali et al 2007). Unlike ma$tT cell subsets, which are considered innate,
Vy2V62 T cells display memory properties, including more rapid recall responsiedton after
previous priming with a similar microbe (Shao et al 2009; Shen et al 2002). In addit®yB2A/T cells
have a wide range of effector functions. These include production @f(IdNet al 2007; Shao et al
2009; Shen et al 2002); lysis of infected cells via production of cytolytic cytokinest(Alli2007; Dieli
et al 2001; Martino et al 2007; Troye-Blomberg et al 1999); and provide helper tygis efiesCD4+
and CD8+ T cell and antibody responses (Ali et al 20092W2 T cells can also counter-regulate
regulatory T cells (Gong et al 2009) and IL-22-producing T cells (Yao2&1dl). All of these

characteristics make22Vé2 T cells an interesting and versatile vaccine target.



B. Malaria
1. Lifecycle of Plasmodium species

Plasmodium species, the causative agents of malaria, have a complex life cycle invohiranbot
insect vector and a mammalian host. Feralgpheles mosquitoes ingest malaria parasite gametocytes
when taking a blood meal from an infected host. The gametocytes then develop into,gardetes
undergo sexual reproduction within the mosquito, turning into sporozoites (Aly, Vaughan, 206/9)e
Sporozoites are injected into the mammalian host during the next blood meal. Sporoaeddsom
the blood to the liver, and develop into merozoites, which then infect red blood cells. The tegrozoi
within the red blood cell develop into a schizont, which then releases 16 new merozoitese Biubte
infected erythrocyte causes malarial paroxysms, which include fevercheadand malaise. It is the

erythrocytic stage of infection that is responsible for disease in humansr(MEtod, Milon 1994).

2. Disease prevalence and severity

Malaria in humans is caused by five specieBlasmodium parasitesP. falciparum (Miller,
Good, Milon 1994))P. vivax, P. malariae, P. ovale, andP. knowlesi (Cox-Singh et al 2008; Pain et al
2008). The most significant species for human infectidh falciparum as it is responsible for most
cases of severe malaria and death (Miller, Good, Milon 1994; Miller et al 2002). Annbetky are
approximately 150 million cases of malaria, with approximately 1-3 milliothdeaMost malaria
deaths occur in young children, who have not developed protective immunity (Molked, Glilon
1994; Miller et al 2002). Malaria is highly prevalent in Sub-Saharan Africa, ssvparts of Central
and South America and Southeast Asia (Slutsker and Marston 2007). In many are&sjteaddemic

year round, while in other areas, malaria comes and goes with the rainy seasons

P. falciparumis well suited to cause lethal infections due to many factors. Fira ihtect all

types of red blood cells, including reticulocytes and mature erythrocytesndséichas multiple
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redundant entry pathways, so it is not restricted to infecting cells of disfood type (ie A, B, or O).
Knob protrusions from the infected erythrocyte cause adherence to endothaliihicejlthe blood
vessel. This causes sequestration of the parasite within the capillaties.occurs within cerebral
capillaries, it causes a life threatening condition known as cerebralan@dier, Good, Milon 1994;
Miller et al 2002). Sequestration of infected erythrocytes in capillaredsasresponsible for tissue

damage in other parts of the body.

Four of the 5 malaria-causing parasites do not infect Old World Monkeys (Collins P992);
knowlesi is the only parasite that infects both humans and Old World Monkeys (Cox-Singh et al 2008;
Pain et al 2008). In order to study malaria pathogenesis and immune responses inxhefobiRS-
virus coinfection and ¥2Vé2 T cell responses, we utiliz&d fragile infection of rhesus macaqueB.
fragile causegalciparum-like malaria in macaques (Collins et al 2006), including formation of knobs

and cerebral malaria (Fujioka et al 1994).

3. T cell responsesto malariainfection

While antibody is considered the primary source of immunity during blood-stalgeian T cell
responses have an important role as well (Good and Doolan 1999; Good et al 2005). CD4+ and CD8:-
cells have both been shown to be activated and proliferate during blood-stage imfeletian. The
role of CD8+ T cells during malaria infection is not clear (Lundie et al 2008&akda et al 2008), as
red blood cells do not express MHC | and therefore do not normally activate CD8s.THelever,
there is evidence that CD8+ T cells play a role in development of cereddealanpossibly by killing
endothelial cells (Nitcheu et al 2003). CD4+ T cells are more significant th8m T cells during

malaria blood stage infection (Good et al 2005).

Malaria infection generally activates Thl responses, with T cells produeiyg TNFa, and

Lymphotoxina (Engwerda et al 2002; Good et al 2005; Ramharter et al 2003; Todryk et al 2009).



Interestingly, malaria antigens can activate CD4+ T cells from matients who have not been
previously exposed to malaria, which seems to indicate that activation of CE&ls @uring malaria
infection is TCR independent (Dick et al 1996). Th1l responses during malaria have begtoshew
both beneficial and pathogenic. CD4+ T cells are able to prevent growth of blood-stsjEepan

mice unable to produce antibodies (Good et al 2005). Any such protection generated by @Igl+ T ¢
likely occurs in the spleen or lymph node, and any such protection would be limited withouteaincur
antibody response (Good et al 2005). In contrast, uncontrolled Thl responses can result in
immunopathology, resulting in cerebral malaria, anemia, and weight loss. Assieec€hl response
activates expression of adhesion molecules on endothelial cells, allowingifected red blood cells

to adhere, and causing inflammation and tissue damage (Good et al 2005; Schofieldi&@D&ra
Schofield 2007). TNé&, which is produced in part by Thl cells, is considered the causative agent of

fever during malaria paroxysms (Karunaweera et al 1992).

In addition to upregulation of Th1l responses, highly pathogenic malaria strains qguiatpre
Tregs (Walther et al 2005R. falciparum infected erythrocytes can suppress production of lifNh
variety of innate and adaptive immune cells, and this suppression correlatexvetised parasite
growth (Couper et al 2008; D'Ombrain et al 2007; Hisaeda et al 2004; Walther et ale20pbasizing
the protective role of proinflammatory Thl responses discussed in the previous deatume
suppression is associated with IL-10 and Tgfouper et al 2008; Walther et al 2006). However, the
development of Treg responses may actually help prevent severe diseasengragdueldral malaria, by
preventing excessive inflammation and tissue damage (Nie et al 2007). Whdlatéhieay seem
contradictory, it merely indicates that a balanced, well-controlled Tesgbnse is most beneficial
during malaria infection, as it is in any infection. Antibody, IL-4, andyllrk in concert to control
parasite replication and limit tissue damage (Petritus and Burns 2008). Endergtof this balance is

essential for development of an effective anti-malarial vaccine.
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Malaria infection of humans also induces proliferation g2W¥62 T cells (Behr et al 1996; Dieli
et al 2001; Goerlich et al 1991).y2V62 T cells have also been to shown to lyse malaria-infected
erythrocytes (Troye-Blomberg et al 199%. falciparum only contains genes for the non-classical
isoprenoid biosynthesis pathway (Wiesner and Jomaa 2007), and thus produg&s/dieTcell
antigen HMBPP. As with many infections, fimevivo significance of activated¥2Vs2 T cells is not
fully understood, as this can only be studied in humans and non-human primates, which areadhifficult

costly to perform.
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C. HIV/AIDS

1. Introduction to HIV/AIDS

Acquired immunodeficiency syndrome (AIDS) is caused in humans and nonhuman primates by
lentivirus, a type of retrovirus. HIV-1 and HIV-2 infect and cause AIDS in humanggebetally not
other species, due to the inhibition of HIV-1 infection by the antiretroviral componéR5bRN
macaques (Stremlau et al 2004). Therefore, a variety of animal models have\mdepeat] to study
AIDS pathogenesis. While FIV study of cats provides many parallelsvarifdction (Elder et al
2010), rhesus macaques are the preferred model for studying AIDS infectiond@Aaret al 2008;
Shedlock, Silvestri, Weiner 2009). Macaque simian immunodeficiency virus (8)\and simian-
human immunodeficiency virus (SHIV), a chimera of SIV and HIV, are used to stidy ikirhesus
macaques (Baroncelli et al 2008; Reimann et al 1996; Reimann et al 2005; Shedlocki, SUeestr
2009). Both types of virus cause rapid and permanent decline in CD4+ T cell levels, and result
immunodeficiency, when infecting the proper host. SIV naturally infectsakfnconkeys, but does not
cause AIDS. However, in Asian macaques, which are not natural hosts, SIV is patlaogenifection
results in immunodeficiency disease (Baroncelli et al 2008). This dichotomy betatgal and
laboratory hosts has been useful in determining potential mechanisms of immunerpsisdge
comparing immune responses in natural and experimental hosts.

HIV and SIV are retroviruses; RNA is reverse-transcribed into DNA, wkitihein integrated
into the host cell genome. HIV and SIV infect cells expressing the CD4 receptbea®d CR4 or
CCRS5 co-receptors, including CD4+ T cells, dendritic cells, and macrophagesr(&tin 2003).
Resting T cells are less susceptible to viral infection and replication ¢hieatad T cells (Chou,
Ramilo, Vitetta 1997; Tang, Patterson, Levy 1995). Activated T cells arepaoressive to viral
replication, due to activation of the 5’LTR of HIV/SIV by proinflammatory immiastors, such as

TNF (Nti et al 2005).
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2. Immunity and immunopathogenesis

CD8+ cytolytic T cells are the major players in cellular anti-HIVniomity, which has been
demonstrated by depletion of CD8+ T cells using a neutralizing antibody thks iesncreased viral
loads in infected macaques (Jin et al 1999). They presumably kill virus-infected TEells using the
perforin-granulysin pathway. Interestingly, the magnitude of the CD8+ Tesglbnse does not
correlate with virus load, which suggests that the effector functions of adt@&x@+ T cells are more
important than the number of activated CD8+ T cells during AIDS-virus infectionef®oederer,
Koup 2008). However, CD8+ T cells are not sufficient to eliminate the virus, sinceehiedividuals
retain some viral load for life. This may be due to either defects in the hoahemesponse, such as
insufficient helper T cell activity or CD8+ T cell anergy; or due to \@elses, such as epitope mutation
and down regulation of MHC (Benito, Lopez, Soriano 2004). Because HIV integrates intottbellhos
genome, the virus is able to remain in a latent state for an indefinite amoung afi@king elimination
difficult.

CD4+ T cells, expressing either the CXCR4 coreceptor or CCR5 coreceptbe araih targets
of viral infection. As activated CD4+ T cells are more easily infected tésting targets, immune
activation therefore can increase AIDS pathogenesis (Pandrea et al 200®8)nd activation can be
caused by a variety of sources, including coinfections (Douek, Roederer, Koup 2008; &2#£04t
Slutsker and Marston 2007) and microbial translocation, when microbes move acggstiieosal
barrier (Brenchley et al 2006). Increased immune activation has mamyedgal consequences,
including increased viral replication, T cell exhaustion, and a decreased podingf Tesells (Douek,
Roederer, Koup 2008).

Th17 cells also seem to play an important role in immune protection during HIMontect
Long-term non-progressors, individuals infected with virus but with no detectalllesgliaation even
without anti-retroviral therapy, were shown to have an overall higher pereesftig17-producing

CD4+ T cells than typical progressors (Salgado et al 2011). Loss of IL-17-prgducells has been
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suggested to play a part in immunopathogenesis of AIDS virus infection, as depletidiv afells was
only noted in monkeys with pathogenic SIV infection (Cecchinato et al 2008; Favr20&9]) but not
in monkeys with non-pathogenic SIV infection. Though the specific role of Th17 cells iamnicle
appears to be due to protection of mucosal surfaces from pathogens, as abset@epeihhitted
enhanced microbial translocationS#imonella from the gut (Raffatellu et al 2008). By preventing
microbial translocation, a major potential source of immune activation is haléedby restricting viral
replication. There are some conflicting reports, however, that assleibfewith increased AIDS
virus pathogenesis (Campillo-Gimenez et al 2010). The reasons for these ognfdistilts are unclear,

but may stem from variances in infection route, dosage, viral strain, and spedied.s
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D. Malaria/Al DS coinfection

Malaria and HIV have a significant geographical overlap; both are higblsalent in Sub-
Saharan Africa, Southeast Asia, and parts of Central and South America (Sdatskéarston 2007).
As a result, a number of studies have been conducted looking at pathologic interactigns dur
coinfection of malaria and HIV. Although early studies failed to find increasbdgenesis of either
disease during coinfection, more recent studies using vigorous parametersumaviateractions.
HIV+ patients had a higher incidence of malaria infection than HIV- patiemtse longitudinal study
(Patnaik et al 2005). Malaria was also more severe in HIV+ patients, inckahimglications such as
cerebral malaria, coma, and death (Chalwe et al 2009; Cohen et al 2005; Fré2€0&t Grimwade et
al 2004; Laufer et al 2006; Malamba et al 2007; Mouala et al 2009; Whitworth et al 2000).
Interestingly, most of these studies did not detect a significant differemsalaria parasite levels in
HIV+ patients. Only a handful of studies linked low CD4+ T cell counts due to HIdskssith higher
parasite levels (Laufer et al 2006; Whitworth et al 2000). This is in an indicatiba obiplex nature
of malaria and HIV coinfection, and raises many questions regarding thenmpathogenesis of

coinfection.

Malaria coinfection can exacerbate HIV disease. Several studies havesieated transient
viral load increases during malaria coinfection of HIV+ patients (Haffeteal 1999; Kublin et al 2005;
Tatfeng et al 2007; Van Geertruyden et al 2006; Van Geertruyden et al 20080 and mouse
studies have shown thRt falciparum antigens can increase replication of HIV-1 in culture cells and
transgenic mice, respectively (Ayouba et al 2008; Freitag et al 2001). Thesednaral replication
was shown to be caused by TdNproduction in response to malaria hemozoin, and was more prevalent
in peripheral blood mononuclear cells (PBMC) from rhesus macaques with advivicbsease

compared to those with less severe disease (Nti et al 2005; Xiao et al 1998).
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The conflicting results between studies may have been due to differenaesyidessign,
including patient recruitment, geographic area, malaria and HIV prevalemteuality of care. An
appropriate animal model could circumvent these limitations to study matettiaIDS virus

coinfection.

Despite the knowledge that malaria and AIDS-virus coinfection can leadreased severity of
both diseases, few studies have been performed looking at in depth immune mechanigms duri
coinfection, likely due to the difficulty of such studies in human subjects. A rdoelytia rhesus
macaques coinfected with the relapsing malaria pafsagnomolgi and SIV did demonstrate
alterations in the immune response. Pre-existing malaria infection cesuitere rapid SIV
progression, including decreased survival (Koehler et al 2009). However, the immuratiansya
including induction of cytokine-producing T cells and histological examination of lympissicetwere
not described. Determining immune factors during malaria and AIDS-virus ciamfés important, as
disease interaction has increased the spread of both diseases in Sub-Saltar§AbAirRaddad,
Patnaik, Kublin 2006), and understanding of these interactions could be crucial for vadcine a

immunotherapeutic development.
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E. Listeria monocytogenes infection and yé T cell activation

1. Isoprenoid biosynthesisin L. monocytogenes and activation of Vy2Vé2 T cells

The Gram+ bacteriurh. monocytogenes is the only pathogen known to utilize both the classical
and alternative pathways of isoprenoid biosynthesis (Begley 20G). By removing one or both
pathways].. monocytogenes can be used as a tool to study activation @@W62 T cells, and be used to
determine whether microbial HMBPP or endogenous IPP is ngn#icant for activation of f2Vé2 T

cells during infection.

In vitro activation of \y2Vs2 T cells has been previously shown (Begley et al 2004); however,
in vivo activation has not been demonstrated. In addition, no functional studig@\W2/T cells upon
activation withL. monocytognes have been performed aside from production ofylFNlany mouse
studies have been performed to stydlyl cells during-. monocytogenes infection; however, since mice

do not have phosphoantigen-speciicT cells, these studies are irrelevant to human biology.

2. PrfA* AAcCtA mutant strains

In the following studies, we utilized a strainlafmonocytogenes with a PrfA* mutation and an
ActA deletion (Yan et al 2008). The PrfA* mutant has a highly ctutstely active form of PrfA, a
regulatory factor that promotes production of a varietl,.ahonocytogenes virulence factors (Shetron-
Rama et al 2003). ThaAActA mutation removes the ActA protein, which is required forinact
polymerization and cell-to-cell spread of the bacterium (Ramaxy et al 2007). PrfAXActA mutant
L. monocytogenes strains are both safe and highly immunogenic, making them good vaeridelates
(Yan et al . Immunogens are inserted into the PA#RCtA strain using the pPL6 plasmid (Yan et al
2008), a derivative of the pPL2 plasmid (Lauer et al 2002). Immunogensder control of the Hly
promoter, which is activated by PrfA (Lauer et al 2002; Yanl &088). We utilized this particular

PrfA* AActA strain, NF974, as we have previously shown its ability togedobust T cell responses in
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mice (Yan et al 2008). A systemic infection was used in ordgjetwerate strong }2Vé2 T cell
proliferation, as we have previously shown that mucosal mycobdatdeation is not sufficient to

induce systemic ¥2V62 T cell proliferation (Huang et al 2008).



CHAPTER 2- Materials and M ethods

A. Rationalefor infectious agents

The purpose of the following studies was to investigate the interaction of sfecdll subtypes
duringin vivo infections of malaria, SHIV, anld. monocytogenes, as well as malaria and SHIV
coinfection. Our goal was to identify activation of T cell subsets and protetficacyg during

infection, which could potentially help in rational vaccine design.

We first focused on coinfection of malaria and AIDS-virus, as these are twotopthauses of
death due to infectious disease worldwide (http://apps.who.int/malaria, httpeMne.int/hiv/data/en ).
In addition, the geographic overlap of malaria and AIDS-virus is substantialpanfielction is very
common (Slutsker and Marston 2007). As there is no appropriate model for HIV infectidrem eit
small animals or New World monkeys, we used Chinese-origin rhesus macaques. SHK/89.6p i
chimeric virus that causes rapid and permanent depletion of CD4+ T cells in ma@digeieal 2009;
Reimann et al 1996). SIVmac is less pathogenic in Chinese-origin rhesus mabaguadian-origin

rhesus macaques (Reimann et al 2005), and therefore was not appropriate for our studies

We chose to utiliz®. fragile infection of rhesus macaques as a model of blood-stage
falciparum-like malaria. Human malaria parasites, sucR.dalciparum, infect New World monkeys,
but not Old World monkeys such as macaquedragile has been shown to causéciparumt-like
malaria in macaques (Collins et al 2006), and has also been used as a model dhealisiag Fujioka
et al 1994). We utilized a blood-stage infection model, as this is the stage namesponsible for
disease (Miller, Good, Milon 1994), and many T cell responses can be detected in ddyipbdra
during blood-stage malaria infection (Dick et al 1996; Good and Doolan 1999; Good et al 2005;
Karunaweera et al 1992; Langhorne 1994; Ramharter et al 2003; Schofield and Grau 2065etTaldr

2009).
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We also studied immune responses to an attenuated sttaimariocytogenes, which is a
potential vaccine vector candidate (Yan et al 2008)monocytogenes infects macrophages (Gray,
Freitag, Boor 2006), delivering antigens intracellularly and thus elicit@@&+ T cell response
(Tvinnereim, Hamilton, Harty 2002).. monocytogenes also produces HMBPP, the phosphoantigen
believed to be important for activation of2/s2 T cells (Begley et al 2004). Importantly, attenuation
of L. monocytogenes does not inhibit immunogenicity (Starks et al 2004; Yan et al 2008), making
attenuated.. monocytogenes strains suitable for immunocompromised patients. In addition, pre-existing
anti-vector immunity does not seem to interfere with establishment of vaodneed immunity (Starks
et al 2004). In the current studies, we utilized an attenuated, recombinaomocytogenes strain with
a constitutively activerfA mutation that we have shown enhances production of foreign immunogens
and development of vaccine-elicited immune response (Shetron-Rama et al 2068aly2008). Due
to the deletion of thactA gene, the strain used is unable to polymerize actin, and thus unable to spread
cell-to-cell. In order to both generate strong peripheral blo@V/%2 T cell activation, and to assess
the utility of L. monocytogenes as a systemic vaccine candidate, we vaccinated rhesus macaques via i.n

or i.v. injection.
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B. Malaria and SHIV coinfection studies

1. Animals

Eighteen Chinese rhesus macaques (4-8 years old), free of simian retiomian T-
lymphotrophic virus type 1, and SIV infection were used. Macaques’ ages weanteateyoung adult
or adult humansT{@blel). Four macaques were simultaneously coinfected with SHIV/malaria; five
chronically-SHIV-infected macaques were coinfected with malaria; fewe wfected with malaria; six
were infected with SHIV alone. All animals were maintained and used in accerdéh the
guidelines of the Institutional Animal Care and Use Committee under an approwecbpr
Chloroquine (West-ward Pharmaceutical, Eatontown, NJ) was given (37.5mgskgnigch gavage) to
control life-threatening malaria (including high parasite levelewriiematocrit), or to cure malaria
(two doses given two days apart) at the endpoint. Animals infected with SHIVhwaignely

euthanized at the end of the study, or earlier if deemed necessary by wetddfiar

Tablell

Group Malaria infection SHIV infection

Malaria-only 10 pRBC i.v. DO None

SHIV-only None 1000 MIIg; SHIV89.6p i.v. DO
Malaria/acute SHIV 10pRBC i.v. DO 1000 MIlg; SHIV89.6p i.v. DO
Malaria/chronic SHIV 106pRBC i.v. D296 1000 Ml SHIV89.6p i.v. DO
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2. Infections

Animals were inoculated intravenously with 1000A4[3HIV89.6P and/or 10P. fragile-
parasitized red blood cells (pPRBC). pRBC were propagated in a donor rhesus maoeegi@) 8tuid
nitrogen until use, thawed, and washed in a series of saline washes, as previcublgdi@dalaria
Research and Reference Reagent Resource Center 2004). SHIV89.6P was -&07€d washed, and
resuspended in RPMI-1040 + 10% heat-inactivated FBS (Ali et al 2009). For chronie-SHIV
coinfection, animals had been infected with SHIV89.6P for 296 days before coinfectiamalatria.
For SHIV-only infection, macaques had been infected with the same lot, dose, araf RiHt€89.6P
approximately one year earlier for use in another study (Ali et al 2009)hrésic SHIV-only controls,

data were collected from 16 weeks through 24 weeks after SHIV infection.

3. Estimation of parasitemia

Thin blood smears were made by expressing a drop of blood from a tail prick obrnafiectied
monkeys. Smears were air dried, and stained using the DipQuick stain kit (Jorgabsmatdries,
Loveland, CO) according to manufacturer’s instructions. Parasitemia tiraatesl by comparing
parasitized and total erythrocytes in blood film. Data was expressed astpgecef pRBC in total

RBC.

4, Quantitative measurement of SHIV RNA

Plasma SHIV RNA was assessed using real-time RT-PCR as prgwlesstibed (Ali et al

2009; Amara et al 2001; Cline et al 2005).
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5. Histology

Tissue samples obtained from necropsy were formalin fixed (Protocol Foeyikalamazoo,
MlI), embedded in paraffin, and sectioned @nSor routine staining with hematoxylin and eosin

(Huang et al 2009).

6. I solation of lymphocytes from peripheral blood

PBL were isolated from freshly collected EDTA blood by Ficoll-Paque ®osersham,

Piscataway, NJ) density gradient centrifugation before analysis.

7. Immunofluor escent staining and flow cytometric analysis

For cell-surface staining, PBL were stained with up to 5 Abs (conjugated @ PE,
allophycocyanin, pacific blue, and PE-Cy7) for 15min. After staining, cate fixed with 2%
formaldehyde-PBS prior to analysis on a CyAn ADP flow cytometer (Dako@tion, Carpinteria,
CA). Lymphocytes were gated based on forward- and side-scatters, and iplitisana ~40,000 gated
events were generally analyzed using Summit Data Acquisition and A8hbftware

(DakoCytomation).

The following Abs were used: IL-17 (eBio64CAP17) [eBioscience, San Diegq,IIGAP-
biotin (anti-human) [R&D Systems, Minneapolis, MN]; Streptavidin-PacifieeBInvitrogen, Carlsbad,
CA]; CD3 (SP34-2), CD4 (L200), CD8 (RPA-T8), IF4S.B3), TNFe. (mAb11) [BD Pharmingen, San

Diego CA|.
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8. Intracellular cytokine staining

Modified intracellular cytokine staining (ICS) withoutvitro Ag stimulation was adopted as
recently described (Yao et al 2010). Briefly, 0.5%B8L plus mAbs:-CD28 (lug/ml) anda-CD49d
(1pug/ml) were incubated in 1@0final volume for 1h at 37C, 5% CQ followedby an additional 5h
incubation with brefeldin A (GolgiPlug, BD). After staining for cell-sudanarkers (CD3, CD4, CD8)
for 15min, cells were permeabilized for 45min (Cytofix/cytoperm, BD) and sta&ifmin for IFN,

TNFa, IL-17, or IL-22 before fixation in formalin.

As in vivo control experiments, longitudinal analyses during acute- and chronic-SHidiamfe
of four macaques did not have measurable increases jpdfeucing T-cells in PBL (Ali et al 2009).
In addition, we did not detect increased levels of IL-17- or IL-22-producindl§ éiering acute- and
chronic-SHIV-infection. Control data was obtained using CD28 and CD49d mAbs (witho@nantig

restimulation) as described above.

9. Determination of plasma cytokinelevels

Cytokine levels were determined using Monkey 5-plex Cytokine Kit (Invitrogeajl on a Bio-
Rad Bio-Plex machine (Bio-Rad, Hercules, CA), and analyzed using Bio-Plexgéia5.0 software

(Bio-Rad) according to manufacturers’ instructions.

10. Enzymelinked immunosor bent assay (EL 1 SA)

ELISA was performed as previously described (Ali et al 2009). Plasma wbmaetivated for
30 min at 56°C before analysis. MSP-1 (19kDa fragment) antigen was obtained thrdagah Ma

Research and Reference Reagent Resource center (MRA-47), deposite&Kbglbw. Antibody was
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detected using anti-monkey IgG and IgM antibodies (KPL, Gaithersburg, MA) g Was

determined on an ELISA plate reader (Bio-rad model 550).

11. Statistical analysis

Statistical analysis was done using paired or unpaired two-tailed Stuidiest$Shen et al
2002) using Graphpad software (Prism, La Jolla, CA). Similar trends weraisgg non-parametric

analysis. Data compared were based on percentage, unless otherwise stated.
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C. Listeria monocytogenes studies
1. Animals

Five Chinese-origin rhesus macaques, ages 5-11, were used in thisTstoi@y ). All animals
were housed and used in accordance with the guidelines of the IACUC under an approeet! prot
Two macaques were vaccinated at day 0 withGU attenuated recombinantmonocytogenes i.m.
and boosted on day 35 with®1OFU i.v. Three macaques were vaccinated at day 0 WitGEO i.v.
and boosted on day 51 with®1OFU i.v. Day 0 blood was drawn immediately before vaccination.
Rectal biopsies and BAL fluid were collected as previously describe@Ali2007). Briefly, for rectal
biopsies, animals were restrained in ventral recumbency with the pelvis dlévaiaches. Four or
five pellets were collected using 2x3mm forceps. For BALF collection, atgedeeding tube was
inserted into the trachea to the level of the carina. Ten mL of saline wHsdrestid immediately
withdrawn and repeated to collect 12-15mL BALF. Animals were anesthetized witikgketamine

HCL (Fort Dodge Animal Health) prior to all procedures.

Tablelll

Group | Primary Infection Secondary Infection
1 1¢ CFU rLM i.m. DO | 16 CFU rLM i.v. D35
2 1¢ CFUrLM i.v. DO | 10 CFU rLM i.v. D51
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2. L. monocytogenes strains and infection

L. monocytogenes strain NF-L974 was obtained from Nancy Freitag. Attenuated bacteria were
stored in aliquots at -80°C in 20% glycerol (Fisher Chemical, Fairlawn, NJ). rBactre thawed,
washed 2x with Brain Heart Infusion broth (BD, Franklin Lakes, NJ), and resuspendedsierilel

PBS (Gibco, Invitrogen, Carlsbad, CA) for injection.

3. Isolation of lymphocytes from peripheral blood, BAL fluid, and rectal mucosae

PBL were isolated from freshly collected EDTA blood by Ficoll-Paque (osersham,
Piscataway, NJ) density gradient centrifugation before analygmplocytes from BAL fluid and

rectal mucosae were isolated as previously described (Ali et al 2007).

4. Immunofluor escent staining and flow cytometric analysis

Cell staining was performed as previously described (Ali et al 2009). Faucklke staining,
PBL were stained with up to 5 Abs (conjugated to FITC, PE, allophycocyanin, pagédicald PE-
Cy7) for 15min. After staining, cells were fixed with 2% formaldehyde-PBS& prianalysis on a
CyAn ADP flow cytometer (DakoCytomation, Carpinteria, CA). Lymphocyte®wated based on
forward- and side-scatters, and pulse-width and at least 40,000 gated events wally geaé/zed

using Summit Data Acquisition and Analysis Software (DakoCytomation).

The following mouse Abs were used: IL-17 (eBio64CAP17) [eBioscience, Sgo,[Qd\;
Streptavidin-Pacific Blue [Invitrogen]; ¥ (7A5), b2 (15D) [Pierce}; goat-anti-mouse 1gG (H+L)PE
[Beckman Coulter, Brea, CA]; CD3 (SP34-2), F4S.B3), IL-4 (8D4-8), TNE (MAb11) [BD

Pharmingen, San Diego CA]; perforin (Pf-344) [Mabtech, Mariemont, OH].
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5. Intracellular cytokine staining

Intracellular cytokine staining (ICS) was performed as previously desqibiest al 2009).
Briefly, 0.5x16 PBL plus mAbs CD28 (ig/ml) and CD49d (1g/ml) were incubated with or without
50ng/mL HMBPP in 100l final volume for 1h at 37C, 5% CQ followedby an additional 5h
incubation in the presence of brefeldin A (GolgiPlug, BD). After staining fibsagace markers (CD3,
Vvy2) for 15 min, cells were permeabilized for 45 min (Cytofix/cytoperm, Bid) stained 45 min for

IFNy, IL-4, IL-17, perforin, and TNé& before fixation in formalin.

6. Cytotoxicity assay

PBL were incubated 3 hours at 37°C in a 10ml flask. Non-adherent cells (lymphocytes) we
separated from adherent cells (monocytes). Adherent cells wereedeteas the flask using ice cold
PBS (Gibco), then incubated with 50ng/ml GM-CSF (Sigma, St. Louis, MO) and 20heniEigma)
for three days at 37°C to differentiate into DCs. DCs were then infected wothlveant attenuated
monocytogenes at an MOI of 5. The cells were treated withu80nl gentamycin sulfate (Gibco) after
two hours to kill non-internalized bacteria, then incubated an additional two days. Neyeradiells
were isolated into ¥2+ cells and CD20+ B cells (eBioscience, clone 2H7) using MACS (Milten
Biotech, Auburn, CA). Effector and Target cells were incubated at eofdii@ for 14-16 hours, then
stained with CD11c (clone 3.9, BioLegend, San Diego, CA) and propidium iodide (Invitrogen) an

analyzed by flow cytometry.

7. Statistical analysis
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Statistical analysis was done using paired two-tailed Studetetss (Shen et al 2002) using

Graphpad software (Prism, La Jolla, CA).



CHAPTER 3- VirusInfection Stages and Distinct Thl or Th17/Th22 T-cell Responsesin

Malaria/SHIV-Coinfection Correate with Different Outcomes of Disease

A. Introduction

Worldwide, there are approximately 300-500 million malaria infections anngallging 1-3
million deaths (http://apps.who.int/malaria). The most clinically relellaman malaria parasiteRs
falciparum, which causes severe anemia and cerebral malaria (Miller, Good, Milon kB8ddlition to
the burden of malaria, there are over 30 million people infected with HIV worldwide
(http://www.who.int/hiv/data/en). Because both diseases are highly prewvatamrlapping geographic
areas, there is a high probability of coinfection (Slutsker et al 2007), and matatmaideling has
demonstrated that disease interaction during coinfection has increased dldeo$r@th HIV and

malaria in Sub-Saharan Africa (Abu-Raddad, Patnaik, Kublin 2006).

Studies of the mutual impacts of HIV and malaria have yielded conflictinfseBarly human
studies failed to show a correlation between HIV infection and enhanced maleased{Butcher
2005). More recently, vigorous analyses of both HIV status (i.e. viremia, CD4 count) ani@ istatus
(i.e. fever, parasite density) have shown mutual impact on both diseases. Hlvadrehh increase by
approximately 1 log during malaria coinfection, but then returns to normalraf¢ment (Hoffman et
al 1999; Kublin et al 2005). Human cohort studies have demonstrated an increased risk oingpntract
severe malaria in HIV infected patients (Cohen et al 2005; Grimwade et alki@ifliy et al 2005;
Patnaik et al 2005). However, different groups reported discrepant effects aifeittian on parasite
levels. Several studies have found no correlation between HIV status and ipeaig$itench et al
2001; Grimwade et al 2004; Patnaik et al 2005), while others have shown that lower CDU4eVEIse
correlate with higher parasitemia (Laufer et al 2006; Whitworth et al 200®se different findings are
possibly due to the differences in malaria transmission and patient carerbeasiees geographic

29
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locations. In order to properly compare data between various human studies, one maist eval
control the rate of malaria and HIV transmission, the stage of HIV infection, aadé¢hend immune
status of the patient. All of these variables could be adequately controlled fdrAoyguan animal
model of coinfection. Importantly, in-depth mechanistic studies of HIV/naatainfection have not
been done. In this context, immune regulation or immunity against the coinfectiaimsdargely
unknown, and studies cannot be done in small lab animals due to their resistance to HIV/AIDS.
Utilizing nonhuman primate models of malaria and AIDS-virus coinfection isftbrer of central
importance for circumventing the limitations of human studies, and for enhancing otstandmg of

malaria-HIV interaction and disease pathogenesis.

In the current studies, we utilized our decades-long SIV/mycobacteriunfection expertise
and utilizedP. fragile and SHIV89.6P to develop models of malaria/acute-SHIV-coinfection and
malaria/chronic-SHIV-coinfection in Chinese-origin rhesus macagaesagile causes malaria
pathologically similar td°. falciparum in macaques (Collins et al 2006; Fujioka et al 1994), whereas
SHIV89.6P resembles HIV by infecting CD4+ T-cells and macrophages andrigdiiciian-AIDS as
HIV does in humans (Ali et al 2009). These features suggest that co-infectida wabile and SHIV
is relevant to co-infection witR. falciparum and HIV. In these proof-of-concept studi8s{IV89.6P
was used to optimally determine clinical outcome during highly pathogenic %DScoinfection, as
Chinese rhesus are somewhat resistant to SIVmac. The nonhuman primate modelsao&nthl
AIDS-virus coinfection allowed us to illustrate the reciprocal effectsalna and AIDS-virus
infections and potential immune mechanisms underlying coinfection-enhanced viral
pathogenicity/malaria disease and immunity. We made novel observations thaifeictisn status
and distinct Th1 or Th17/IL-22+ immune responses after malaria-coinfection ofyacutehronically-
SHIV-infected macaques correlate with different clinical outcomes of infastion and virus-

associated malaria.
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B. Results

1. Malaria-coinfection of acutely-SHIV-infected macaques led to fatal virus-associated malaria

We presumed that mutual enhancement of malaria and HIV/AIDS could be best det@dnstra
naive individuals who have not developed anti-malaria or anti-HIV immune responses. Jitoug af
naive macaques was coinfected simultaneously with malaria and SHIV89 leHgfaeute-SHIV).
Additionally, chronically-SHIV-infected macaques were similarly caitéd with malaria
(malaria/chronic-SHIV). As controls, a group of macaques was infectadnaiaria-only, and another
with SHIV-only. The malaria-only group developed uncomplicated malaria, @séing transient low
hematocrits, and low (<5.26%) but measurable parasitemia starting from dag fl@ctuating through
day 54 Figure la). In contrast, malaria/acute-SHIV-coinfected macaques developedtdtaia,
exhibiting sharp increases in parasitemia to >70% at dakig0re 1a, p=0.0001, D19, between
groups). All acutely-coinfected macaques manifested severe anemian{padsae anéigur e 1b),
shivering, and lethargy/coma-like signs 2-3 weeks post-coinfection, and techiveoquine treatment.
Despite treatment, three (7282, 7289, 7344) of these coinfected macaques became moribured and we
euthanized by D22 post-coinfectidfigure 1c). The fourth (7284) recovered from life-threatening
malaria after chloroquine treatment. These results demonstrated profountoffpey/ on malaria,
as malaria/acute-SHIV-coinfection led to high-level parasitemiaandly progressed to fatal virus-
associated malaria. The data also indicate that an active, progreai&v@/IDS-virus coinfection

model can be developed by simultaneous SHIVRrithgile coinfection of macaques.
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Figure 1. Malaria-coinfection of acutely-SHIV-infected macaquesoéattal virus-associated malaria;
chronically-SHIV-infected macaques developed moderately-enhanced graiasitithout fatal

outcome after malaria-coinfectioda. Malaria/acute-SHIV-coinfected macaques (left) had significantly
higher parasite levels than malaria-only controls (center, p=0.0004 at Day 2agutly-SHIV-

infected macaques developed life-threatening malaria, and all but one (7284 lmecabund despite
receiving chloroquine treatment. Malaria/chronic-SHIV-coinfectedagaes without AIDS (right) had
higher parasitemia than malaria-only controls (p=0.0245 at Day 20), but much loastgrara than
malaria/acute-SHIV-coinfected macaques (p=0.0034). * indicates chlorogeat@ént.1b.

Hematocrit data for macaques as indicated on the top of the panels. Note thattpeesacth fatal
malaria had extremely low levels of hematocrit despite chloroquinenieeat All moribund macaques
had clinical signs of severe anemia although some were not tested for hérat@apoints.1c.

Survival curves for the malaria/acute-SHIV, malaria-only, and matariahic-SHIV groups. Only one
macaque (7284) in the malaria/acute-SHIV group survived from life-threateralagia after

chloroquine treatment. All macaques without AIDS in the malaria/chronic-gktivp survived, with

two (7393 and 7418) treated with chloroquine at day 20. The single macaque with prior AIDSr{7409)
the malaria/chronic-SHIV group did not survive despite chloroquine treatment at day 13sand w
euthanized on day 22.
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2. Malaria-coinfection of acutely-SHIV-infected macaques appeared to accelerate SHIV disease

We then sought to determine whether malaria-coinfection could reciprocallycenhan
pathogenicity and accelerate SHIV disease. Acutely-coinfected macajpjpeared to have faster
progressing SHIV disease than SHIV-only contréigyre 2-3). Remarkable lymphoid
destruction/depletion was found in both lymph nodes and spleen tissues collected at nemropsy f
malaria/acute-SHIV-coinfected macaques 21 days post-coinfeEiigur € 2a-b). No or very few
lymphocytes were detectable in T-cell zones of lymph nodes, with apparent disappez germinal
centers and T-cell zones. Lymphoid structures were destroyed with notatdlgisietthe lymph nodes
(Figure 2a). Similarly, lymphoid destruction/depletion and necrosis were seen in spsstiagure
2b). In contrast, such profound destruction/depletion and necrosis in lymphoid tissues veelennat
lymph nodes and spleens from SHIV-only control macaques in acute-SHIV infection ealisiter
SHIV infection Figure 2a-b). More apparent lymphoid depletion in rectal mucosa was detected 21
days post-malaria/acute-SHIV-coinfection compared to SHIV-only conffajsir(e 2¢c). Blood CD4+
T-cell counts sharply declined to 54.9+6612/9 days post-coinfection, whereas the SHIV-only group
had CD4+ T-cell counts 362.67+217.(Bat day 21-22Kigure 3, p=0.0154). The acutely-coinfected
macaques exhibited high-level plasma SHIV mRIRAg(re 3). Due to early chloroquine treatment and
deaths of the macaques, a full comparison of peak viremia and set-points betvaernefminfected
and SHIV-only groups could not be done. Despite this, it was surprising that profound
destruction/depletion and necrosis in lymphoid tissues with sharp decline of blood CB#4-€duats
occurred in acutely-coinfected macaques, as such severe pathogenic ewdthtsonmally not be
detected until very end-stage AIDS in humans and nonhuman primates (Shimada et al 2003; van
Grevenynghe et al 2008). These results suggested that malariattmmnfemarkably enhanced acute-

SHIV disease.
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Figure 2
Uninfected SHV 251)

C

Figure 2. Malaria-coinfection of acutely-SHIV infected animals redult severe and rapid lymphoid
depletion in the lymph nodes, spleen, and rectal mu2ada. Histopathology images indicating
lymphoid depletion/destruction in lymph nodes (top, 50x magnification) and spleens (bottomf, 50x)
two representative macaques (7282, 7289) in the malaria/acutely-SHIVetethfgoup. Note the
destruction of lymphoid structures, the disappearance of both germinal centerselhzones, and
apparent necrosis in lymph nodes and spleens collected at necropsy at dayt@é eftefection. Two
sets of control images (25x) are shown on the left. The first set from aaefateése uninfected
macaque indicated normal structures of T-cell zones/germinal centersymifitednode and white/red
pulps in the spleen. The other set from SHIV-only macaque (7351, necropsied on day 627 ppst SHIV
showed enlarged germinal centers, but no lymphoid destruction or necrosis. Smditey Was also
seen in acute SHIV-only controls. Of note, acute SHIV-infection of macaques didusetlgmphoid
destruction, necrosis or disappearances of germinal centers despite thdeuirases in cell density in
T-cell zones and subtle paracortical hyperplasia were seen in lymph nddetedadne month after
SHIV infection(data not shown). All were formalin-fixed sections stained bahaxylin and eosin
(HE). Red arrows indicate germinal centers; green arrows indicate neegtins without germinal
centers/T-cell zones or normal structures; and yellow arrows indicaeteteglerminal centers and
necrosis in spleen2c. Histopathology images of rectal mucosa collected at day 21 after SHIV from
representative SHIV infected control (left two panels) and malaria/&tdité-coinfected macaques
(right two panels). Malaria/acute-SHIV-coinfected macaques showsadect densities of lymphoid
cells in gut mucosa overall, with fewer lymphocytes seen (400x).
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Figure 3
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Figure 3. Malaria-coinfection of acutely-SHIV-infected macaques e@th8HIV disease; malaria-
coinfection of chronically-SHIV-infected macaques only induced a transigease in viral loads with
stable CD4+ T-cell counts. (Top) Plasma SHIV RNA levels detected in individalatiadacute-SHIV
macaques (left, n=4), individual malaria/chronic-SHIV macaques (n=5), aigHiveonly group
(means £SD, n=6). (Bottom) Numbers of CD4+ T cells in malaria/acute-ShtlVhalaria/chronic-
SHIV macaques, and the SHIV-only group (meansz SD, n=6). Data for the chroniec8htlgroup
were derived from a 6-week period of chronic infection. The transient ~1 log ieére&silV during
the chronic SHIV co-infection was not statistically significant when coatpto baseline. Absolute
CD4+ T-cell counts in malaria/acute-SHIV-coinfected macaques appeareach a lower level than
those in SHIV-only controls. p=0.0154 day 19 malaria/acute-SHIV vs day 22 SHIVeoptp@ressive
decline of CD4 T-cell counts usually is most striking at weeks 3-5 after @#6¥). No significant
declines of CD4+ T-cell counts in malaria/chronic-SHIV-coinfected maeawere noted.
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3. Malaria-coinfection during chronic-SHIV-infection caused moder ately-enhanced malaria, with

stable CD4 counts and transiently increased viral loads.

Next, we sought to determine whether malaria coinfection of chronically-8tidé¢ted
macaques led to similar or different clinical outcomes of SHIV diseasmaladia compared to
malaria/acute-SHIV-coinfection. Chronically-SHIV-infected macaquighout AIDS did not develop
clinical signs of fatal malaria or accelerated SHIV disease afalaria-coinfection. While macaque
#7409 with AIDS (CD4+ count <20@l) exhibited rapidly-increased parasitemia, and deteriorated to
moribund status despite chloroquine treatmErgur e 1a-c), other coinfected macaques remained
clinically stable, despite exhibiting moderately-increased naafmrasitemia (up to 15% pRBC)

compared to malaria-only controBigure 1a, 1c).

The malaria impact on chronic-SHIV-coinfection was much less dramatic thaueaSHIV-
coinfection. Malaria-coinfection of chronically-SHIV-infected macageesd transient ~1 log increase
in plasma viral RNAFigure 3). Malaria/chronic-SHIV-coinfected monkeys did not have significant
changes in CD4+ T-cell countSigure 3). These results demonstrated that malaria-coinfection in
chronically-SHIV-infected macaques without AIDS led to uncomplicated, motiemthanced malaria

disease, with stable CD4 counts and transient/subtle increases in viral loads.

4. Hyper-activation and expansion of Thl effector cellsand high-level proinflammatory cytokines
during malaria/acute-SH1V-coinfection coincided with accelerated SHIV-disease and fatal AIDS-

associated malaria.

We then undertook mechanistic studies to determine if different host factors onégmm
responses after malaria/SHIV-coinfection correlated with diffevatdtomes of disease. This compelling

guestion has not been addressed despite decade-long studies of malariafféidtioni We first
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explored whether AIDS-related fatal malaria resulted from SHIV-atediinhibition of anti-malaria T-
cell responses or parasite-mediated hyper-proinflammatory responsdaria/aeute-SHIV-
coinfection. We employed our novel methods for detecting activated/diffeeghiiatells capable ale
novo production of anti-microbial cytokines withourtvitro antigen re-stimulationHigure 4a and (Yao
et al 2010)). We focused on CD4+ and CD8+ T effector cells producing TM\N~o or IL-17/IL-22, as
IFNy or Th1/Th17 cells may have a role in both malaria protection and pathology (Good et al 2005;
Stephens et al 2005), and TiNiS likely involved in proinflammatory responses during malaria
(Karunaweera et al 1992). Malaria-only controls showed remarkable ireredBély-producing
CD4+ and CD8+ T effectors, which emerged at week 2, peaked at week 3 and sustaiséthab lggn
week 7 after infectionHigure 4a-e, see p values in legend). TaHproducing CD4+PBL were also

increasedKigure 4d).

Interestingly, malaria/acute-SHIV-coinfected macaques exhibjtedrkactivation and
expansion of Thl cytokine-producing T effectors, rather than suppression. KalagaSHIV-
coinfected macaques with fatal malaria and profound AIDS showed 50-70-foldsesr@e CD4+ and
CD8+ T effectors producing IFNde novo (Figur e 4a-e, see p values in legen@ndup to 300-fold
increases in TNéproducing T effectorsHigure 4d). It was noteworthy that despite a marked loss of
CD4+ T-cells Figure 3), increased IFW and TNFe-producing CD4+ T effectors were detected in
malaria/acute-SHIV-coinfected macaquEgy(re 4a-€). In contrast, SHIV-only controls did not show
any detectable increases in the number ofy¥phdducing CD4+ or CD8+ T effector cells during acute
and chronic stages of SHIV infection, as no or very fewyHphoducing CD4+ or CD8+ T cells were
detected by direct ICS without in vitro Ag re-stimulation before and aftév 8tfection (Figure 4b-d,
and (Ali et al 2009). This suggested that marked increases in CD4+ and CD8+ Trefiestodriven

by malaria.
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The remarkable increases in Thl cells were consistent with high plasisaoieVal cytokine
IFNy but not Th2 cytokine IL-4 in malaria/acute-SHIV-coinfected macadtigsir(e 5). Interestingly,
IFNy levels in plasma of malaria/acute-SHIV-coinfected macaques wgrertthan those of the
malaria-only controlsKigure 5a), although the frequencies of increased Thl cells were comparable
(Figure4). These results suggested that hyper-activation/expansion of Thl cytokineupgodD4+
and CD8+ T effectors and high-level plasma Th1 proinflammatory cytokines dualagia/acute-
SHIV-coinfection correlated with accelerated SHIV disease and fdD#b-/Associated malaria. We also
noted small increases of IL-17-producing CD4+ T effectors, but not IL-@&dping CD4+ T effectors
(Figure6). Of note, no or very few IL-22+ and IL-17+ T effectors were detected in SHIVeamirols
during acute and chronic phase infectidfigire 6a and (Yao et al 2010)). The marked increases in
IFNy+CD4+ and CD8+ T effectors, but small changes in IL-17+ and IL-22+ T effeatere
associated with enhanced CD4+ T-cell depletion and lymphoid destruction/nergsie ),
suggesting malaria-activated CD4+ T-cells served as productive &d&Woirs leading to accelerated
SHIV/AIDS. Reciprocally, increased Th1l effector cells also coincidéud SHIV-associated increases
in parasitemia in malaria/acute-SHIV-coinfected macagtiggi(e 7), implicating a role of these

effector cells in development of fatal virus-associated malaria.
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Figure 4. Hyper-activation/expansion of Thl effector cells during malatité-SHIV-coinfection
coincided with accelerated SHIV disease and fatal AIDS-associatadanauppressed Thl T effector
function associated with uncomplicated malaria and ‘stabilized’ SHIV infeat malaria/chronic-
SHIV-coinfection. 4a. Representative histograms showing increases in CD4+ and CD4-(CD8+) T
effector cells producing IFNat day 22 post infection in malaria/acute-SHIV-coinfected macaque (left)
and malaria-only control (center), but not malaria/chronic-SHIV-coinfectacaque (right). Data were
gated on CD3. Numbers in upper right and brackets were percentages of CD3+ fiecefl€B4+ T-
cells, respectivelydb. Hyper-activation/expansion of IRMCD4+ T-effector cells in malaria/acute-
SHIV-coinfected macaques (left; coinfected, p=0.0096, baseline vs. day 15, n=4; p=0.086t bese
day 22, n=2) and malaria-only controls (center, n=4, p<0.0001, baseline vs. day 15; p=0.0018, baselin
vs. day 22). Almost no CD4+ T effectors were detected in malaria/chronic-&bit¥ected macaque
(right, p=0.0008 compared to malaria/acute-SHIV group, and p=0.0004 compared to-ordiageoup
at day 22, n=5). SHIV-only controls had few or no ff/fNCD4+ T effector cells measured by ICS
without Ag stimulation (n=6, p=0.0001 at day 22 compared to malaria/acute-SHIV-tethfgoup).
Data were fold increase % IFMN cells among CD4+ T-cellsdc. Hyper-activation/expansion of
IFNy+CD8+ T effectors (CD8 Ab used for ICS) in malaria/acute-SHIV-@aitefid and malaria-only
macaques (p=0.0099 for malaria/acute-SHIV-coinfected macaquesnbagetiay 15, n=4; p<0.0001
for malaria-only infected macaques, baseline vs. day 15, n=2). Much lower @sxco&3D8+ T
effectors were detected in malaria/chronic-SHIV-coinfected macdgghs p=0.0002 compared to
malaria/acute-SHIV group, and p =0.0015 compared to malaria-only group at day 2230181V
controls (n=6) showed very few or no fFNCD8+ T effector cells (p=0.0004 at day 22, compared to
malaria/acute-SHIV-coinfected groupXd. Hyper-activation/expansion of THFCD4+ T effectors in
malaria/acute-SHIV-coinfected and malaria-only macaques (p=0.0100nbase day 22;
malaria/acute-SHIV n=2 at day22, malaria-only n=4). However, fewoH8P4+ T effectors were
detected in malaria/chronic-SHIV (n=5 at day 22) group (right, p=0.005 comparedaigatacute-
SHIV group, and p=0.0030 compared to malaria-only group at DR2)The absolute number of
IFNy+CD4+ and IFN+CD8+ T effectors increased 50-100-fold and 100-300 fold, respectively, in
malaria/acute-SHIV coinfected macaques and malaria-only infecteaigues by day 21. The fold-
increase in malaria/chronic-SHIV coinfected macaques was muchdeggant.
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Figure 5
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Figure 5. Malaria induced high-level Th1 proinflammatory cytokines in acut¥-8éinfection,
whereas Th1l cytokine responses were suppressed in chronic-SHIV-coinféeti®tasma IFN
increased in malaria/acute-SHIV-coinfected macaques (left), but natawaitdy controls (middle) or
malaria/chronic-SHIV-coinfected macaques (right). ks not detectable in acute SHIV-only
controls.5b. There was no increase in plasma IL-4 in malaria/acute-SHIV-coaafecacaques except
the chloroquine-treated survivor (left) or malaria-only controls (middle) darrachronic-SHIV-
coinfected macaques (rightdc. Overall, there was no significant increase in plasma IL-2 in
malaria/acute-SHIV (left), malaria-only (middle), or malarfabnic-SHIV groups of macaques (right)
detected.5d. There was no significant difference in the development of malaria—specifiespbrrses
between malaria/acute-SHIV (left), malaria-only (middle), and natdrronic-SHIV groups of
macaques (right). Shown were the data of MSP-1-specific IgG and IgM/&ls I©D values) derived
from ELISA using anti-monkey IgG and IgM as second Ab. A lack of differencesahAbs between
groups suggests that humoral immune responses did not appear to correlate vathodtiomenes of
malaria coinfection.
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Figure 6. Remarkable expansion of Th17 cells and unique increases in IL-22+tdreafé#ls coincided
with the absence of fatal malaria and enhanced SHIV disease in malan&e®iH1V-coinfection. 6a.
IL-17-producing CD4+ T effector cells increased remarkably up to 200 folds duriagaehronic-
SHIV-coinfection (right; p=0.0167 at D15, n=6; p=0.0021 at D22, n=5), and the magnitude was much
greater than that in malaria-only group (p=0.0181 at day 15; p=0.0173 at day 22, using folddetanhge
or malaria/acute-SHIV group (p = 0.0294 at day 15; p=0.0757 at day 22, using fold-change data).
SHIV-only infected animals did not show any detectable IL-17- or IL-22-praduticells during the
acute and chronic SHIV infection(Yao et al 2010, and data not sh6lu)he absolute number of IL-
17+CD4+ T cells increased less than 25-fold in malaria/acute-SHIV cadfewcaques and malaria-
only infected macaques. In contrast, the absolute number increased up to 200-foldidicmalaic-
SHIV coinfected macaque$c. Malaria/chronic-SHIV-coinfection macaques also developed marked
increases in IL-17-producing CD3+CD4-(CD8+) T effectors (p=0.0181, basaliday 15, n=5;
p=0.0081 baseline vs day 22, n=5), and the expansion magnitude was significantly gredtet thfa
malaria-only group (p=0.0218 at day 15, p=0.0338 at day 22, using fold change data) antamékria
SHIV-coinfection (p=0.0440 at day 15; p=0.1990 at day 22, using fold change 6Gt#)-22-

producing CD4+ T-cells are increased significantly up to 22 folds from baséléranalaria infection

of chronically-SHIV infected macaques (p=0.0038 at D15, n=5; p= 0.035 at D22, n=5). In ¢ctimrast
frequency of IL-22-producing CD4+ T effector cells actually deciebaster malaria infection of
acutely-SHIV-infected or naive macaques. Baseline IL-22-producing@teffcells were low in
chronic-SHIV-infected macaques, a finding similarly seen in SIV-tefkmacaques (Raffatellu,M. et al
2008). No detectable IL-22-producing T-cells during the chronic SHIV-only iofeetithout malaria
coinfection (Yao et al 201@nd data not shown)e. IL-22-producing CD3+CD4-(CD8+) T-cells
increased during malaria infection of chronically-SHIV-infected maca@ue0.0260 at D15, n=5;
p=0.0097 at D22, n=5). Conversely, IL-22-producing CD3+CD4-(CD8+) T effectardidlhot
significantly increase during malaria/acute-SHIV-coinfection, andadlgtdecreased during malaria-
only infection (p=0.0323 at D15, n=4). Similar trends of fold-changes and p values were seen by
comparative analyses of absolute numbers of T effectors.
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Figure 7
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Figure 7. Over-reactive Thl responses coincided with progressive SHasd{symphoid
depletion/destruction/necrosis) and fatal AIDS-associated malariagagherarked expansion of Th17
cells and unique increases in IL-22+ T-effector cells with Th1l suppressiofateureith
uncomplicated malaria and stable SHIV infecti@ia. Spiking IFNy-producing CD4+ T-cells
representing hyper-activation of T-cells correlated with CD4+ Temgletion (top), bursting SHIV
viral replication (middle), and high parasitemia (bottom) in malaria/e8Hi&/-coinfected macaques.
Increases in SHIV virus loads were seen earlier than those in detectadnsiorn of CD4+ T effector
cells. This might be due to the fact that virus replication was enhanced dedipapon cellular
activation and that CD4+ T cells underwent activation events before they ptelifésaa detectable
expansion. Note that at week 3 after malaria-coinfection of acutely-SHé¢tad macaques, lymphoid
depletion and destruction/necrosis occurred (Fig.Zt). High frequency Th17 cells and IL-22-
producing CD4+ T effector cells correlated with stable CD4+ T-cell cdtoyp$, subtle change in
plasma SHIV RNA (middle), and moderate parasitemia in malaria/chréfid-&infected macaques.
No or few Th1 cells also coincided with the uncomplicated SHIV/malariaskse(Fig.3).



5. Remarkable expansion of IL-17+ T effectors, uniqueincreasesin IL-22+ T effectorsand
suppression of over-reacting Thl effectors coincided with stable SHIV infection and absence of

fatal malaria during malaria/chronic-SHIV-coinfection.

Since malaria-coinfection of chronic-SHIV-infected macaques without Alid$iot lead to fatal
malaria or rapid progression of SHIV disease, we examined if differenim@amesponses correlated
with the favorable clinical outcome. Despite moderately-enhanced parasiteesie coinfected
survivors developed few CD4+ and CD8+ T effectors producing BN NFa. de novo, indicating
profound suppression of Thl effectors compared to malaria/acute-SHIV-caihfieataques and
malaria-only controlsKigure 4; p<0.0001 malaria/chronic-SHIV vs malaria/acute-SHIV; p=0.0007
malaria/chronic-SHIV vs malaria-only at D22). Consistently, plasma IEMels were much lower in
malaria/chronic-SHIV-coinfected macaques than malaria/acut¥-8éihfected macaques§igure5).
Interestingly, plasma IL-4 and anti-malaria Abs were not significathitigrent between
malaria/chronic-SHIV-coinfected, malaria/acute-SHIV-coindei¢ctand malaria-only groupBifure 5b,

5d).

Surprisingly, IL-17-producing CD4+ T effectors were remarkablygased in malaria/chronic-
SHIV-coinfected macaques, undergoing ~200-fold expansion after coinfefetgun € 6a, 6b;
p=0.0021 baseline vs D22). IL-17-producing CD4- (presumed CD8+) T-cells weleaisased
during malaria/chronic-SHIV-coinfectiofrigure 6¢). In addition, malaria/chronic-SHIV-coinfected
macaques developed unique 10-20-fold expansion of IL-22-producing CD4+ T effectoraaltiria-
coinfection Figure6d). We also detected increases in IL-22-producing CD3+CD4-(CD8+) T @iect
in malaria/chronic-SHIV-coinfected macaquésgure 6e). Importantly, IL-17+ and IL-22+ T effectors
were detected without additionalvitro Ag re-stimulation, implicating previous vivo activation and
maturation. In contrast, malaria/acute-SHIV-coinfected macaqunsitexl decreases in IL-22+CD4+

T effectors Figure 6), a down-regulation as described in SIV-infected macaques (Raffatall2@d8).

45
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In SHIV-only controls, no or very few IL-17+ or IL22+ T-cells were detectedcute or chronic SHIV
infection (Yao et al 2010). As reported by us and others, IL-17-producing and lto@2emg T
effectors were distinct populations (data not shown and (Trifari et al 2009; Yie204133). Notably,
the remarkable expansion of IL-17+ and IL-22+ T effectors coincided withotlatilie parasitemia and
absence of fatal malaria, with stable CD4+ T-cell counts and transientimeneaise in SHIV viremia
(Figure 7b). Thus, remarkable expansion of IL-17+ T effectors, unique increases in IL-2ffeclors
and suppression of over-reacting Thl effectors correlated with absence ofdkiah in

malaria/chronic-SHIV-coinfected macaques without AIDS.
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C. Discussion

The proof-of-concept studies in macaque models of malaria/SHIV-comestowed us to
make the novel observation that AIDS-virus infection stages dictate coinfeatiocedd immune
responses and that distinct Thl or Th17/IL-22+ immune responses correlate widntdtecomes of
SHIV disease and virus-associated malaria. Our studies extend human ldh#soainfection studies
(Butcher 2005; Cohen et al 2005; French et al 2001; Grimwade et al 2004; Hoffman et &u99O;
et al 2005; Laufer et al 2006; Patnaik et al 2005; Renia and Potter 2006; Troye-BlonthBeyzns
2008; Whitworth et al 2000), and provide new information regarding pathogenesis oAl %&nd
malaria-coinfection. Our findings also suggest that macaque models of&@idR/ fragile can be
useful for studying pathologic and immunologic events in human patients coinfetitddlWiandP.

falciparum.

The macaque model &% fragile/acute-SHIV-coinfection suggests that malaria-coinfection
during acute-AlDS-virus-infection can induce fatal virus-associated matdvaracterized by bursting
parasitemia and severe anemia. We temporarily use the term ‘fatadsgosated malaria’, since
SHIV89.6P infection usually does not induce acutely fatal disease within a montinfaitdon.
Moreover, earlier reports and the current study demonstrated. tinagjile infection of naive macaques
often does not induce acutely fatal malaria, although some individuals may develdatoms due
to unusually high-level parasitemia and associated anemia (Collin2@&)l The extraordinary effects
of acute HIV or SIVmac infection on malaria-coinfection in naive individuals havieasut reported in
humans or nonhuman primates, perhaps due to difficulty to recruit and study newlytedipfioents
or because of previous exposures to malaria in the acutely-AIDS-virus-thfedteidual (Cohen et al
2005; French et al 2001; Grimwade et al 2004; Hisaeda et al 2004; Hoffman et al 1999, &oahle

2009; Kublin et al 2005; Laufer et al 2006; Patnaik et al 2005; Whitworth et al 2000).



48
Fatal virus-associated malaria and rapidly-accelerated AIDS go hdrahehduring?.

fragile/acute-SHIV-coinfection. CD4+ T-cell depletion appeared more profound in acwielgcted
macaques than SHIV-only controls. More importantly, dramatic lymphoid destrid=pletion and
necrosis in lymph nodes and spleens were seen in malaria/acute-SHI\Gteaim®nkeys as early as
21 days post-infection. Significant lymphoid depletion was also seen in gut mucosaepidland
profound lymphoid destruction/depletion and necrosis (temporarily defined as AIDSstudyg are
attributed to malaria-coinfection of acutely-SHIV-infected macaques sinch fulminating changes
can rarely be seen even in very advanced or end stages of AIDS induced by HIVc SANSRHV.
Such lymphoid destruction/necrosis might potentially occur in acute malariatt¥ection, as.
fragile cause®. falciparum-like malaria (Collins et al 2006; Fujioka et al 1994), and as SHIV induces

simian AIDS like HIV (Ali et al 2009).

The hyper-activation/expansion of IiFNand TNFe-producing CD4+ and CD8+ T effectors after
malaria-coinfection of acutely-SHIV-infected macaques appears to beettteanism underlying
accelerated AIDS. This hyper-activation appeared to be driven mainly hyianalecause similar
magnitudes of T effectors are detected in malaria-only controls, and SHI\¢antlpl macaques did
not develop detectable IFN IL-17- or IL-22-producing CD4+ or CD8+ T effectors in acute (3-4
weeks) and chronic SHIV infectiofi@. 3 and (Ali et al 2009)). Notably, due to SHIV-coinfection,
peak IFN plasma levels in malaria/acute-SHIV-coinfected macaques weostal®0-fold higher than
in malaria-only controls. Hyper-activation of the immune system can rdgdtilyactivate the HIV 5’
LTR (Nti et al 2005; Xiao et al 1998) for massive viral replication, provide more+CBcell or
macrophage sources for productive virus infection and make infected CD4+ T-ceallsumoeptible to
virus-mediated destruction (Douek, Roederer, Koup 2008; Margolick et al 1987). We dideabt det

much higher SHIV viral loads 2-3 weeks after acute-SHIV/malaria-coiofetitan SHIV-only perhaps
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due to extremely high turnover of virions in plasma during acute-coinfection. Theaf&tdV-driven

hyper-immune activation might contribute to the profound lymphoid destruction/depletiorearosis.

Due to acutely bursting SHIV replication, malaria-driven hyper-actiaé&ixpansion of Thl
effectors and over-production of proinflammatory cytokinesyleNd TNFe in malaria/acute-SHIV-
coinfected macaques might compromise anti-malaria immune responses ancighdéevel
parasitemia and fatal malaria. The extremely-high-level Thl cytekmAIDS-virus coinfection may
not be protective against malaria, as yHNs been shown to have a role in both protection and
inflammation/pathology in malaria (Good et al 2005). Conversely, the suppressioruptidisof
CD4+ T cell-mediated anti-malaria immunity may have taken place asila oéprofound lymphoid
destruction/depletion and necrosis. Because cell-mediated immunity is bebeyecur primarily in the
spleen for blood stage malaria (Good et al 2005), profound lymphoid depletion in the spleen would lea
to a loss of anti-malaria effector function. Furthermore, the disappearbgeeminal centers and
lymphoid depletion of CD4+ T-cells certainly would block early development of aaléfia Ab

responses.

One of the novel findings in the current study is that chronically-SHIV-infectehques
employed a different defense mechanism to respond to malaria-coinfdatisimarp contrast to acutely-
SHIV-infected macaques, chronically-SHIV-infected macaques withouSAlibwed marked
suppression of Thl responses after malaria-coinfection. Rather, they mounted 5@ 20@dnlsion of
IL-17-producing CD4+ T effectors as well as unique, potent IL-22 responses. Uniqusierpz IL-
22-producing T effectors with Thl suppression in malaria/chronic-SHIV-coioifeist consistent with
our recent finding that IFNnetworking pathways can down-regulate IL-22+ T effector cells in
tuberculosis (Yao et al 2010). By mounting IL-17+ and IL-22+ T-cell responses anéssipgrover-
reacting Thl responses to malaria-coinfection, chronically-SHIViedemacaques exhibit only

transient, low-magnitude increases in viremia, maintain stable CD4+ Gecgits, and avoid rapid
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progression to AIDS. In addition, marked expansion of Th17 cells and unique increase inTIL-22+
effectors might act in concert with Ab and other immune components to attenuatatelgemthanced
malaria in a timely manner, therefore avoiding fatal virus-associatkdianalL-17 and I1L-22 primarily
act by recruitment of neutrophils and induction of anti-microbial peptide productiosynaer cells,
and have been shown to have protective roles in infections of various pathogens, including
toxoplasmosis (Kelly et al 2005), candidiasis (Conti et al 2009ria (Hamada et al 2008Ilebsiella
pneumonia (Aujla et al 2008; Zheng et al 2008) and others (reviewed in (O'Connor, Zenewicdl, Flave
2010)). It would be interesting to see if these responses play a role im@sistanultiple malaria

exposures in future studies.

Thus, our proof-of-concept study demonstrates for the first time that virusonfetatus and
distinct Th1 or Th17/IL-22 responses after malaria-coinfection of AIDS-virested individuals
correlate with different clinical outcomes. As far as we know, this is alsarshél@stration of the
dichotomy of Thl and Th17/IL-22 responses during infection/coinfection of higher prinidies
findings may be potentially useful in the development of AIDS and malaria vaegides

immunotherapeutics.



CHAPTER 4- yo T Cell Responses During P. fragile and L. monocytogenes | nfections
A. Introduction

Accumulating evidence suggests thalVo2 T cells may be a useful target for
immunotherapeutics and vaccine-induced protection against a variety of pathogeoshdualiverse
effector functions. Y2Vé2 T cells produce IFN(Ali et al 2007; Shao et al 2009; Shen et al 2002), lyse
cells by producing the cytolytic cytokines granulysin and perforin (Ali 20a7; Dieli et al 2001;

Martino et al 2007; Troye-Blomberg et al 1999), and have adjuvant effects of CD4+ andi@BB+

and antibody responses (Ali et al 2009). In additiof2\X62 T cells have been shown to proliferate
extensively and provide protection against a variety of different micro@mar(Begley et al 2004;
Huang et al 2009; Martino et al 2007; Meraviglia et al 2010; Shao et al 2009; Shen et al 2@62) due
recognition of metabolites from isoprenoid synthesis, such as isopentenyl pyragkeg$pR) and (E)-
4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) (Hintz et al 2001 ;Keagigal 1994), which

are referred to as phosphoantigens. Isoprenoids are produced via two major patteragssical,
mevalonate pathway, or the alternative, non-mevalonate pathway (Begl@pédaHintz et al 2001).
IPP is an intermediate in both pathways, while HMBPP is only found in the non-mevalatiatay.
While both IPP and HMBPP can activatg2Ws2 T cells, HMBPP requires an approximately 1000-fold
lower concentration than IPP (Hintz et al 2001). The non-mevalonate pathway eduiifimany

Gram+ bacteria, and the plastids of some eukaryotes, including the parasitesiseamalarialisteria
monocytogenes, a Gram-positive, intracellular baceterium that can induce systemidamfeaiising
spontaneous abortion, septicemia, and meningitis, is the only pathogen known to possess both the
mevalonate and non-mevalonate pathways of isoprenoid biosynthesis (Begl2§@t)aimaking it an

ideal candidate to studyy2Voé2 T cells.

Human studies have shown proliferation gVs2 T cells during malaria infection (Dieli et al

2001), but phosphoantigen-specifticT cells response tioisteria has not been reportéavivo (Ladel,

51
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Blum, Kaufmann 1996; O'Brien et al 2000; Stavru, Archambaud, Cossart 2011; Tramonti et al 2008)
andin vivo studies cannot be done in mice or other small lab animals as HMBPP-spetittells exist
only in humans and nonhuman primates. In the current studies, we Rilizadile malaria infection
and an attenuatdd monocytogenes strain (Shetron-Rama et al 2003; Yan et al 2008). In order to
generate strong peripheral bloog2¥62 T cell activation, we infected rhesus macaques via i.m. or i.v.

injection.
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B.Vy2Vo2 T cell responses during P. fragileinfection

Vy2Vs2 T cells have been shown to proliferate in humans infected with malaria (Béhr et a
1996; Goerlich et al 1991), and can even lyse malaria-infected red bloouh egile (Farouk et al
2004). As malaria parasites only contain the non-mevalonate pathway of isoprenoichbgisynt
(Wiesner and Jomaa 2007), it was therefore surprising t1#afd2 T cells did not expand in rhesus
macaques after infection with fragile malaria Figure 1a). Only two animals had very minor
increases in the number o262 T cells, and this occurred late in infection, after parasitemia came
under control. There were also very minor increases in the numbeR2@b¥ T cells capable of
producing IFN (Figure 1b), TNFo (Figure 1c), or IL-17 (Figure 1d), indicating that WY2Va2 T cells

which were present during malaria infection were not activated by medégction.
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Figure 1
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Figure 1. P. fragile malaria infection of macaques did not induce2Vsé2 proliferation (a), or
production of cytokines IFN(b), TNFa (c), or IL-17 (d).
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C.Vy2Va2 T cdl responses during L. monocytogenes infection

1. Transient systemic Listeria infections could uncover the ability of HM BPP-specific Vy2Vé2 T

cellsto mount adaptive immune r esponses.

vo T cells appear to possess both innate and adaptive immune features (Chen 2011). However,
little is known about whether microbial and/or host factors can dictate the develagrerdte versus
adaptiveyd T-cell responses. While it is well known thasteria monocytogenes can produce large
amounts of HMBPP activatingy2Vs2 T cellsin vitro, it remains unknown whether active infection of
individuals withL. monocytogenes could induce adaptive immune responses of HMBPP-specific
Vy2V62 T cells. As a proof-of-concept study, two groups of five total rhesus macaquesfeeted
and re-infected systemically with monocytogenes AactA prfA* mutant. The justification for
introducing attenuateld. monocytogenes infection by systemic route is to prove a concept and to
optimize detection df. monocytogenes-induced immune responses of2X/62 T cells. Also, extremely-
attenuated.. monocytogenes AactA prfA* mutant is unable to induce active infection after mucosal
inoculation due t@ctA deletion, and n&. monocytogenes bacteria can be isolated even after
intravenous inoculation with this strain (Qiu et al 2011; Yan et al 2008). We presumegtbatic
inoculation of macaques with monocytogenes AactA prfA* mutant would induce very transient
systemid.. monocytogenes infection, which might be somehow relevant to human listeriosis (systemic
infection) after wild-type viruleni.. monocytogenes infection (Allerberger and Wagner 2010;

Bakardjiev, Theriot, Portnoy 2006; Stavru, Archambaud, Cossart 2011).

The first group of macaques was inoculated i.m. witl@lBU of attenuatet. monocytogenes at
day 0, and at day 35, inoculated again i.v. with@BU L. monocytogenes. While primaryL_.
monocytogenes infection induced detectable increases in percentage and absolute numh@ga V
cells, the secondaty. monocytogenes infection led to 5-10 fold greater expansion @RVé2 T cells

that sustained at least 3-4 weekgy(ire 2a-b). This initial finding suggested thiat monocytogenes
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infection could induce an adaptive or recall-like responsey@W2 T cells. Given the possibility that
low-dose initial infection could drive optimal recall-like response @62 T cells in subsequent
microbial exposure (Shao et al 2009), we infected the second group of macaques byrigddiilat
CFU L. monocytogenes AactA prfA* i.v. day 0 and T0CFU i.v. on day 51. Interestingly, while one of
three macaques in this group had a similar recallytkeé-cell response as the group one animals, the
other two animals developed a much greater magnitude of recall-like regpdnsd/d2 T cells after
the second infectiorF{gure 2a, 2c). Only one week after the second infectiop2Voé2 T cells
proliferated and increased percentage numbers from <2% up to 60% of total T cékslotea
numbers from <50 cellgl up to ~13,000 cellgl of blood Figure 2a, 2c). However, no live bacteria
could be isolated from the blood one week after the first and secdndaopocytogenes inoculations.
Thus, transient systemic monocytogenes infections could uncover the ability of HMBPP-specific

Vy2V62 T cells to mount adaptive immune responses.
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Figure 2Expansion and re-expansion of2¥/62 T cells after infection with rLM. 2a. Representative
histograms showing 2+ V62+ T cells on day 0 (top) and day 65 (bottom). Gated on CD3+
lymphocytes. 2b. ¥2V32 T cells, expressed as percent of CD3+ T cells, expanded after primary and
secondary infection in group 1 (left), and demonstrated recall expansion aftedaegcinfection in

group 2 (right). 2c. Absolute number of2¥/52 T cells showed a similar pattern of expansion in group
1 (left) and recall expansion in group 2 (left).
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2. Expanded Vy2Vé2 T cellstrafficked to and accumulated in pulmonary compartment and

intestinal mucosa after primary and secondary Listeria infections

We then sought to determine iy®V/62 T cells activated by systenlic monocytogenes
infection were able to traffic to mucosa/tissue sites for potential mucosalnity (Ali et al 2007). To
test this function, we examined the accumulationgf\W62 T cells in pulmonary compartment and
intestinal mucosa. Consistent with major expansiony@42 T cells in the blood, up to10-fold
increases in numbers ofy2V62 T cells were detected in bronchioalveolar lavage fluid (BALF) after
both the primary and seconddrymonocytogenes infections in both groups when compared to controls
(p=0.0067, baseline vs. 2 weeks post primary infection; p=0.0024 baseline vs. 1-2 weeks postysecond
infection;Figure 3a-e). Particularly, much greater increases #2Vé62 T cells in BALF from the
group 2 macaques were seen after the secohdamnocytogenes infection Figure 3). These results
implicated that W2Vé2 T cells underwent airway trafficking after cellular expansion during
monocytogenes infections. To examine if ¥2V62 T cells could traffic to intestinal muosae, we
performed rectal mucosal biopsy to isolate lymphocytes from the biopsies, aygbdradrcentage
numbers of W2V62 T cells in total mucosal T cells as we previously did (Ali et al 2009). Siwilad
found ~10-fold increases in numbers gf2¥32 T cells in the rectal mucosae after primary and
secondary.. monocytogenes infections of the macaques, when compared to controls (p=0.0288, baseline
vs. 1-2 weeks post secondary infectibigure 3d). These results therefore demonstrated that expanded
Vy2V62 T cells could traffic to and accumulate in pulmonary compartment and intestinaka after

primary and secondaty monocytogenes infections.
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Figure 3 Mucosal accumulation o262 T cells. 3a. Representative histograms @#Vs2+ T cell
accumulation in bronchioalveolar lavage fluid on day O (top) and day 65 (bottom). Gate®en CD
lymphocytes. 3b. ¥2V32 T cell levels peaked at approximately 10% of all CD3+ T cells by day 17
post infection in group 1. They remained at a similar level after boost infectiomw8aveeks after
primary infection in group 2, ¥2Vo2 T cells reached ~10%. One week after the boost infection,

Vy2V62 T cells increased to almost 20% of all T cells. P=0.0067, baseline vs. 2 weeks post primary
infection; p=0.0024, baseline vs. 1-2 weeks post secondary infection (both groups combined). 3d. At
day 17 after primary infection,\2Vé2 T cells in rectal mucosa were at a level of ~5%. One week post

boost, they had increased further to 15-20% of all CD3+ T cells. y28/02 T cell levels remained low

in group 2 after both prime and boost infections. P=0.0288, baseline vs. 1-2 weeks post secondary

infection (both groups combined).
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3. Majority of expanded Vy2Vé2 T cellsevolved into effector cells capable of de novo production
of perforin, and some Vy2Vé2 T cells exhibited multiple effector functions producing or co-

producing Thl, Th2, and Th17 cytokines

Little is known about whether)2Vé2 T cells expandeuh vivo can mount multiple effector
functionsde novo producing different cytokines during infections, although they have been shown to be
potent produces of inflammatory cytokines fF&hd TNFe (Ali et al 2007; Eberl et al 2009; Shao et al
2009; Sicard et al 2005). In fact, the possibility thg2W62 T cells can simultaneously co-produce
Thl, Th2, and Th17 cytokines has not been investigated (Caccamo et al 2011). We theeseesl as
Vy2V62 T cells for effector functions producing multiple cytokines over time aftargoyi and
secondary.. monocytogenes infections using intracellular cytokine staining with mAbs againsy)FN
TNFa, IL-17/IL-22, IL-4, and perforin. Whil&. monocytogenes infections induced very fewy2Vé2 T
cells producing IL-22 (data not shown), there were increases in numbey@\W2/T effector cells
producing IFN, TNFa, IL-4, IL-17 or perforin after secondaky monocytogenes infection Eigure4,

5). Particularly, ~1000-fold increase in numbers @2Vo2 T cells producing IFiNex vivo was seen in
one of the infected macaquésdure5). Importantly, W2Vé2 T cells producing perforide novo
without ex vivo HMBPP stimulation remarkably increased from baseline of <5 gkllp/to 400-1100
cellsiul after the secont. monocytogenes infection Eigure5). Interestingly, we found that some of
Vy2V62 T cells were able to simultaneously co-produce Thl and Th2 or Th17 cytdkigesed, 6).
After secondary.. monocytogenes infection, W2Vé2 T cells were able to co-produce K-Bnd IL-17 or
IL-4, a finding that has not been previously demonstrdtegli(e 6a, 6b). Co-production of IFNand
either IL-17 or IL-4 was dependent exivivo HMBPP restimulation. In addition,\2+ T cells were
able to co-produce TNFand perforin after secondaty monocytogenes infection, with or without

HMBPP restimulationKigur e 6¢).
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Thus, the majority of expanded/®A/62 T cells evolved into effector cells capablelehovo
production of perforin, and somey®V62 T cells exhibited multiple effector functions producing or co-
producing Thl, Th2, and Th17 cytokines. To our knowledge, this is the first description of multi-

functional WW2Vé2 T cell responses during microbial infection.
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Figure 4 Histograms showing co-production of various cytokinesy2¥¥2 T cells 4a. Representative
histograms showing production of IMdnd IL-17 (top 2 rows) or IFNand IL-4 (bottom 2 rows), either
with ex vivo HMBPP restimulation (right columns) or without (left columns). 4todRction of TNk
and Perforin either with HMBPP restimulation (right) or without (left).
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Figure 5Production of cytokines by 2+ T cells afteiex vivo HMBPP restimulation 5a.The absolute
number of IFN-producingcytokines in Group 1 (left) increased steadily mfiamary and seconda
infections. IFN-producing 2+ T cells in Group 2 (right) did not expand sigeahtly after primary
infection. After secondary infection, however, f-producing W2+ T cells epanded rapidly and
profoundly, indicating memor 5b. VWy2+ T cells were able to produce-4 only after secondary
infection in Group 1 (left) and Group 2 (rigl 5c. IL-17 was not produced byy2+ T cells in Group :
(left), however it was produced byy2+ T cells in Group 2 (right) after secondary iniec. 5d.
Absolute number of perforiproducing W2+ T cells increased after secondiListeria infection in
Group 2. B. As with other cytokines, TNi-producing effector Y2+ T cells increased after 1
secondary.isteria infection.
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Figure 6
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Figure 6 6a. Y2+ T cells co-produced IFNand IL-4 after secondaryisteria infection uponex vivo
HMBPP restimulation (right), but not without restimulation (lef§b. IFNy and IL-17 were also co-
produced by HMBPP-stimulatedy2+ T cells after secondarkisteria infection (right), but not
unstimulated cells (left). 6¢c. HMBPP was not requireddonovo co-production of perforin and TNF
by Vy2+ T effectors after secondary restimulation.
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4. In vivo expanded-Vy2Vé2 T cells after Listeriainfection could directly lyse Listeria-infected

target cells

Emerging large numbers ofy2Vé2 T cellsde novo producing perforin raised a question as to
whether thesed T effector cells were able to exert cytotoxic KillingLoimonocytogenes-infected target
cells. Thus, we adapted a cytotoxicity assay testing the ability2¥32 T cells to directly killL.
monocytogenes-infected autologous target cells. Siricenonocytogenes infections exclusively
expanded Y2Vé2 T cells but not otheg T cells in blood, we purifiedl. monocytogenes-expanded
Vy2V62 T cells directly from PBMC aftdr. monocytogenes infection using anti-y2 mAb and
immunobeads (MACS) as previously described (Zeng et al 2011). Punf®2®¥ T cells were then
co-cultured withL.. monocytogenes-infected autologous monocyte-derived dendritic cells (DC), and
assessed for cytotoxic killing of DCs. After the incubation, DCs were dtaiitle anti-CD11c mAb and
propidium iodide to measure cell death by flow cytometry analysis. LowN&&Vd2 T cell
expansion was detected, and a similar percentage of rLM-infected CD1Iwerdldead or dying
when incubated with ¥2+ T cells, compared to rLM-infected CD11c+ cells incubated with CD20+ B
cellsinterestingly, while low-level expansion of2¥/62 T cells was seen at day 15 atter
monocytogenes infection Figure 2), Vy2+ T cells isolated at this time point did not mediate apparent
cytotoxic killing of L. monocytogenes-infected DC Figure 7). In contrast, Y2+ T cells purified at day
59, the peak expansion time point, could very efficiently Lyseonocytogenes-infected DC Figure 7).

In effect, these ¥2Vé2 T cells isolated at peak expansion were able to kill or lyse almost 76% of
monocytogenes-infected DC, when compared to the various contifeigur e 7). This potent cytotoxic
killing of L. monocytogenes-infected DC appeared to be consistent with the remarkable increases in
numbers of ¥2Voé2 T effector cellsle novo producing perforin at day 59 after initial monocytogenes
infection Figure5d). Thus,invivo expanded-Y2Vé2 T cells aftel.. monocytogenes infection could

directly lyselL.. monocytogenes-infected target cells.
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Figure 7
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Figure 7 Direct lysis of CD11c+ DCs by®+ T cells. 7a. Representative histograms showing
increased lysis of rLM-infected DCs compared to control DCs after aticrbwith W2+ T cells. 7b.
Cell lysis represented as %PI+ of CD11c+ DCs. DP2HVT cells lysed more rLM-infected DCs than
DO Vy2+ T cells (p=0.0003). D592+ T cells caused more lysis when incubated with rLM-infected
DCs than control DCs (p=0.0057)y®*+ T cells only (p=0.0310); rLM-infected DCs only (p=0.0005);
control DCs only (p=0.0071); or B cells incubated with rLM-infected DCs (p=0.0231).
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D. Discussion

Although previous work in humans has shown increased numbers and perceht&agd#s2 T

cells, we did not have similar results duriRgfragile infection of rhesus macaques (Behr et al 1996;
Goerlich et al 1991) . It was unexpected tRafragile infection did not activate ¥2Vaé2 T cells. It is
possible that prior infection with an HMBPP-producing organism dglired to induce memory re-
activation and proliferation of %2Vé2 T cells. We and others have shown thg2W62 T cells can
respond to repeat infections with recall-like expansion (Abaae205; Chen and Letvin 2003; Dieli et
al 2003; Hoft, Brown, Roodman 1998; Morita, Mariuzza, Brenner 2000; Pitatd2608; Poccia et al
2006, Shao et al 2009, Shen et al 2002). It would be interesting to faxplere if one HMBPP-
producing pathogen, such Bsmonocytogenes, can be used to primey2Vé2 T cell responses for a

second HMBPP-producing pathogen, such as malaria parasites.

The current study provided a first opportunity to exaniinenonocytogenes-inducedin vivo
immune responses of HMBPP-specifig2¥/62 T cells during primary and seconddrymonocytogenes
infections (Begley et al 2004)L. monocytogenes is unique for studies ain vivo HMBPP-specific
Vy2Vé2 T-cell responses in that monocytogenes is the only pathogenic bacterium known to contain
both mevalonate and non-mevalonate [2-C-methyl-D-erythritol 4-phosphi)] pathways of
isoprenoid biosynthesis, concurrently producing metabolites such as HMBPHPPP (Begley et al
2004). Our findings in macaques appear to be novel, asonocytogenes infections induce multi-
functional immune responses of HMBPP-specifig2V62 T cells. The multi-functional immune
responses of ¥2V382 T cells are characterized by the remarkable recalld¥gansion, pulmonary or
mucosal trafficking, broad effector functions producing or co-producing did Th2 or Thl7
cytokines, and the dominant perforin-producing phenotype and direct lysis lorg kof L.

monocytogenes-infected target cells. To our knowledge, our work represents otte @lignificantin
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vivo studies that elucidate broad anti-microbial functional aspectidi&PP-specific W2Vé2 T cells in

infection.

One of the interesting immune features fo2Vo2 T cells during infections with intracellular
bacterial pathogens appears to mount remarkable adaptive imraspenses. Clearly, absolute
numbers of W2Vé2 T cells can increase from <50 cells/ul up to 15,000 cells/ul nihweek after
secondary.. monocytogenes inoculation. This extraordinary recall-like expansion is consistghtthe
adaptive immune response seen in macaques Mitesbacterium bovis BCG re-infection or BCG
followed byM. tuberculosis infections (Shen et al 2002). These three bacterial pathogensshar®mn
capabilities to produce HMBPP and to intracellularly infect mores¢gtacrophages/DC. However, in
both BCG re-infection andl. monocytogenes re-infection, no or extremely low-level bacteria can be
isolated from blood days or weeks after secondary bacterdmulation despite majoydé T-cell
expansion, suggesting that recall-like expansiony@W82 T cells is driven by very transient and subtle
systemic re-infection. Our results in the current study alsoistomsth the scenario that low-dose
primary infection could optimally prime W2Vé2 T cells and such primegh T cells could mount
remarkable recall-like expansion in response to subsequent raenfé8hao et al 2009). Data from
human studies (Abate et al 2005; Chen and Letvin 2003; Dieli et al 20®3;Bdfown, Roodman 1998;
Morita, Mariuzza, Brenner 2000; Pitard et al 2008; Poccia et al 2086 }support the notion that human
Vy2V62 T cells can mount adaptive immune response in infections. Tihds®s suggest thah vivo
Vy2V62 T-cell responses to intracellular infectious agents may bereliff from the rapid ¥2Vé2 T-

cell expansion after repeated phosphoantigen/IL-2 co-treatments (Ali et al 268 &ial 2005).

L. monocytogenes infections also uncover pulmonary or intestinal mucosal migration
characteristics of HMBPP-specificy2V62 T cells. This functional aspect is generally considered
important for mucosal/pulmonary immunity as most microbial pathogevede hosts at mucosal

interface. \f2V62 T cells appear to emerge as a dominant T-cell subpopulation among the dotell p
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airway and rectal mucosa aftermonocytogenes infections as they comprise up to 30% of total CD3+ T
cells in those mucosa&ifure 3). Given the possibility that lymphoid tissues in small intestisues
more enriched than in rectal mucosa, we anticipate tha¥d2 T cells may more apparently traffic to
and accumulate in the small intestinal mucosae. The traffi@adgaccumulation of Y262 T cells in
intestinal mucosae might underscore the importance of thesdacatisntributing to mucosal immunity

against food-bornkisterial infection.

We previously demonstrated that expande@W62 T cells during BCG oM. tuberculosis
infections or after HMBPP/IL-2 treatments could similarly wigdepulmonary/mucosal trafficking and
accumulation (Ali et al 2007; Huang et al 2008; Huang et al 2009; Sh&r2602). Thus, pulmonary
and intestinal mucosal trafficking/accumulation appears to lbenanon biological feature for activated

Vy2V62 T cells regardless of the stimuli.

It is surprising to see thaty?Vé2 T cells can mount broad effector functions producing or co-
producing Thl, Th2, Th1l7 and cytotoxic cytokines duringmonocytogenes infections. Whereas a
number of studies are focused on innate production of cytokinesy®yo¥ T cells (Ali et al 2007;
Sicard et al 2005; Wang et al 2001), the current study longitugdif@lbws up and reveals broad
effector functions producing or co-producing cytokines W62 T cells during adaptive immune
response in infectiong.. monocytogenes-expanded Y2Vé2 T cells are able to produce not only {EN
IL-4, IL-17, and perforin, but also can co-produce Thl and Th2 or Th1l7 cytokineslteBigous co-
production of these cytokines by T helper cells appears to be amarune event as the development
for each of T helper subsets producing Thl, Th2, and Th17 cytokines is @zhtigiitly by individual
unique master transcriptional factors such as T-bet, GATA-3 andyR@Rou, Chong, Littman 2009).
One of the co-production patterns appeared to be the HMBPP-drivemoawoetion of IFN and IL-17
or IL-4 by W2V62 T cells. 10-30% of ¥2Vs2 T cells coproduced both IFNwnd IL-17 in two of three

animals, while 5-15% produced IfNand IL-4 in all three animald=(gure 6). This is in line with
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recent evidence that IkN\can regulate production of IL-17 (Yang et al 2011). Another co-ptau
pattern seemed to be adaptoenovo co-production of IFN and IL-4 or IL-17. IL-4-producing (2
macaques) or IL-17-producingy2Vé2 T cells capable of producing IFFNex vivo could increase or
sustain after primariz. monocytogenes infection, and even co-produce these cytokines witbowtvo
HMBPP stimulation. IFM and IL-4 are generally thought to be produced by different cell pigrsa
(Zhou, Chong, Littman 2009), although may be coproduced in some instancesy(lde@z2010).
Production or co-production of Thl, Th2 and Th1l7 cytokines {8\M82 T effector cells may play a
role in activation of a variety of other immune cells such asrophages, CD8+ T cells, and B cells,
therefore may bridge innate and adaptive immunity. In additiony &l IL-17A can contribute to
early protection againdt. monocytogenes infection (Barry et al 2003; Hamada et al 2008). Although
IL-4 may blunt antikisteria immune response (Haak-Frendscho et al 1992), IL-4-prody8ifigcells

may facilitate vaccine-elicited Ab responses in attenuatgeria-vaccinated individuals.

It is also surprising that most bf monocytogenes-expanded Y2Vé2 T cells evolve into effector
cells capable ofle novo production of perforin. While ¥2V62 T cells expand from baseline <50
cells/ul up to 15,000 cells/ul after secondarymonocytogenes infections, ~70% of these expanded
Vy2V62 T cells differentiate to effector cells producing perforithaut the need foex vivo HMBPP
phosphoantigen stimulation. Thesg2¥s2 T effector cells capable ale novo production of perforin
may play a role in protection agairistmonocytogenes infection or listeriosis, as perforin expression in
CD8+af T cells has been shown to be important for protection agaimsbnocytogenes infection in

mice (Messingham, Badovinac, Harty 2003).

Another novel finding from the current study is the demonstration e€tdkilling or lysis ofL.
monocytogenes-infected target cells byn vivo expanded Y2Vé2 T cells. Lysis of mycobacterium-
infected cells byn vitro activated W2Voé2 T cells has previously been demonstrated (Dieli et al 2000;

Dieli et al 2001; Martino et al 2007). These studies showed lésseeof Ct* or lactate dehydrogenase
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by infected cells and decreased bacterial survival efteulture with activated }2Vé2 T cells. In the
current study, we directly detected membrane disruptioh wbnocytogenes-infected CD11c+ DCs
after co-culture within vivo expanded Y2Vs2 T cells by utilizing flow cytometry analysis. To our
knowledge, this is the first evidence showing direct lysis of michoteeted cells byn vivo expanded
Vy2Vé2 T cells. This unique finding appears to be linked to perforin production plpenotywy2Vs2
T cells, and mosin vivo expanded Y2V62 T cells produce perforide novo without the need for ex

vivo HMBPP stimulation.

Anti-Listeria immunity in humans remains largely unknown, although murine kitd CD8+ T
cells play a role in protection agairist monocytogenes infection (Berg et al 2005; Harty and Pamer
1995; Harty, Tvinnereim, White 2000). Studies @2Vé2 T cells for antikisteria immunity cannot be
done in mice or other small lab animalsyasr cells in these lab animals do not recognize HMBPP or
other phosphoantigens. Thus, our findings from the current study raise $fitalyp$o conduct further
in vivo studies and investigate the role of HMBPP-specifig2W62 T cells in controllingL

monocytogenes infection or listeriosis.

Direct cell killing, coupled with cytokine production and activation dfeoteffector cell types,

makes W2V62 T cells a unigue and versatile vaccine and immunotherapeutict.targe



CHAPTER 5- Conclusion
A.Mode of T cell Responses During Malaria and SHIV Coinfection

As demonstrated in Chapter 3, T cell responses appear to play an important r@ase dis
progression during coinfection of malaria and AIDS-causing pathogens. &atatiacute SHIV-
coinfected macaques developed severe malaria, characterized by astbaigy) and coma. These
animals had hyper-activation of Th1l cells producing proinflammatory cytokisand TNF. In
contrast, chronically SHIV-infected macaques did not develop severe materiecafifection withP.
fragile parasites. Chronic SHIV and malaria coinfected macaques had significuiitiyeid Thl
responses; however, they were able to mount potent and potentially protective Th17 and Th22

responses.

CD4+ T cells produce cytokines that stimulate development of a particular sudsehidit
development of other subsets. For exampleylpfdduced by Thl cells inhibits IL-10, a cytokine
involved in development of Th2 cells and Tregs, as well as STAT-3, an important tramsdeptor
for Th17 cells (Hu and Ivashkiv 2009). A potential explanation for the different helpdrréspmonses
developed during malaria and SHIV coinfections is outlined in Figure 1. Malaria induces
proinflammatory T cell responses, and subsequent production ef(Eidgwerda et al 2002; Good et al
2005; Ramharter et al 2003). In addition, microbial translocation due to SHIV infetidts ri@
increased production of proinflammatory cytokines, includingylfBfenchley et al 2006). The high-
level IFNy further promotes Th1l responses, by promoting T-bet expression andpfddrction
(Figure 1a). TNFu production, in particular, enhances viral replication (Douek, Roederer, Koup 2008;
Hu and Ivashkiv 2009). T cell activation and enhanced viral replication can both cause C&l4+ T
death, which occurred prominently and rapidly in lymph nodes and spleleagté 3). Since the
spleen is the primary location of T cell-mediated immunity against blood stgdaar{Good et al

2005), it follows that necrosis and lymphoid destruction of splenic lymphocytes would ailow f
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massive replication of malaria parasites, resulting in severe matatately SHIV coinfected

macaquesChapter 3).

During the chronic stage of SHIV infection, CD4+ T cells, paléidy Thl cells, have been
depleted and are generally exhausted (Douek, Roederer, Koup 2008). eB&tdusctivation is
inhibited during the chronic stage of SHIV infection, Td\jproduction is not increased during malaria
coinfection of chronically SHIV infected macaques. Viral regilan is therefore more inhibited than
during malaria/acute SHIV coinfection, so fewer T cells dithenperiphery and lymphoid organs. The
absence of a strong IFNesponse helps remove inhibitors of development of Th17 and Th22 respons
(Figure 1b, Hu and Ivashkiv 2009). Th17 cells appear to play a role in prevepdithgpgenesis early
during AIDS infection (Favre et al 2009; Raffatellu et al 2008), big not clear what functions they
may have during the chronic stage of AIDS-virus infection. Thl7 ceby act by recruiting
neutrophils to ingest malaria-infected RBCs (lwakura et al 2011lL-22 secretes matrix
metalloproteinases, which are inhibited by {#F3Hu and Ivashkiv 2009). Matrix metalloproteinases
may help repair endothelial tissue damaged during malaria infegiexaenting immune-associated

pathology (Sonnenberg, Fouser, Artis 2011; Zelante et al 2011).
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Figure 1 Model of cytokine production and T cell activation. 1a. Production gfdENng
malaria/acute SHIV coinfection inhibits R@Rproduction and Th17 differentiation; TMFeplication is
increased, which also increases SHIV replication and CD4+ T cell death. loaddiet production is
upregulated, promoting Th1 differentiation, continuing the cycle of T cell dictiivéSHIV replication,
and cell death. 1b. Conversely, during chronic SHIV infectionyipiéducing T cells are not activated
during malaria coinfection. This removes the block on Th177 differentiation, and inhibits vira
replication.
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B.yd T Cell Responsesto P. fragile and L. monocytogenes

Despite evidence showing thag2X/62 T cells proliferate during human malaria infection (Dieli
et al 2001), we did not detect expansion or activationy@\Wé2 T cells duringP. fragile infection of
rhesus macaques. We only noted minor increases in the absolute number of greylAiisR T cells
late during malaria infection (weeks 6-7) in some, but not all, of the infectedlanifsP. falciparum
only contains genes for the non-mevalonate isoprenoid biosynthesis pathway (\&iesdemaa
2007), it seems unlikely th& fragile lacks the non-mevalonate isoprenoid biosynthesis pathway.
Instead P. fragile parasites may not have reached a high enough concentration or produced enough
HMBPP in order to activateZ2Vs2 T cells during infection of macaques. It is also possible that
previous exposure to malaria or another HMBPP-producing pathogen is requiredate agRVs2
during malaria infection, which would then be followed by a recall response. As the moskdysave
been isolated in controlled laboratory settings, it is possible that they haveviouply been infected

with such pathogens.

L. monocytogenes infection was able to activatey2Vs2 T cells, despite being an attenuated
strain. It is noteworthy to point out that the most profound expansiop2f32 T cells occurred after
the secondary infection in animals that received a lower primary infectios.d&hionstrates a very
clear and profound memory response2Vé2 T cells also migrated to the lung and gut mucosae. In
addition to massive proliferation, activateg2¥/62 T cells were able to produce fxNI'NFu, IL-4, IL-
17, and perforin. Importantly, they were able to co-produce Hid IL-4 or IL-17, an observation not
previously reported. These activategkVo2 T cells also had the ability to directly lysisteria

infected macrophage-derived dendritic cells.

Despite being unable to detect2¥/62 T cell activation durindp. fragile infection, we did detect
very significant activation during. monocytogenes infection. The overall effector functions o262

T cells have not been completely described during microbial infection. Our work proeiges
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evidence of the multiple effector potential of2X/52 T cells, which may provide as yet un-reported

benefits during infection.
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C. FutureDirections

Because activation of CD4+ T cells was so rapid and profound, we hypothesizedhat T ¢
activation may be independent of TCR, and would like to further investigate these ragshatihas
been shown the CD4+ T cells from naive individuals can respond the malaria infebinsupports
this hypothesis (Dick et al 1996). In regards to malaria and SHIV coinfectiwayliti be interesting to
determine the possible roles of IL-17 and IL-22 in preventing severe diseasgenAsned above,
recruitment of neutrophils and protection of endothelial tissue may be importanguenses of IL-17

and IL-22 during coinfection.

It was unexpected that malaria infection did not activate or expg2do2 T cells. It would be
interesting to use serial malaria infections in order to determine if ngasggquired for activation of
Vy2V62 T cells. We also are considering priming2Vé2 T cells withL. monocytogenes infection and
determining if W2V62 T cells are expanded during subsequent malaria infection. Pretuoliess
utilizing gcpE deficientL. monocytogenes have shown that production of HMBPP is required for
activation of W2V62 T cellsin vitro. It would be interesting to see if this is also the case/o. In
addition, we would like to utilize simildytB mutantL. monocytogenes strains to determine if excess

HMBPP can induce greater activation and proliferationy@W62 T cellsin vivo.

Lastly, L. monocytogenes is gaining interest as a vaccine vector (Yan et al 2008). We would like
to use recombinant attenuatednonocytogenes expressing SHIV proteins to determine if pre-existing
anti-SHIV immunity can prevent severe disease during malaria and $idiNecoinfection by limiting

viral replication.

Understanding host T cell immune responses is critical to the developmentinésagainst
AIDS and malaria. By learning how effector T cells function and provide pratedtiring infection,

we can rationally design vaccines to induce these T cell responses and giszast.
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APPENDIX

U l c UNIVERSITY OF ILLINOIS
AT CHICAGO

Office of Animal Care and Institutional
Biosafety Committees (MC 672)
Office of the Vice Chancellor for Research

October 28, 2009 ' 206 Administrative Office Building
1737 West Polk Street

Zheng Chen Chicago, Illinois 60612-7227

Microbiology & Immunology

M/C 790

Dear Dr. Chen:

The protocol indicated below was reviewed at a convened ACC meeting in accordance with the
Animal Care Policies of the University of Illinois at Chicago on 10/20/2009. The protocol was
not initiated until final clarifications were reviewed and approved on 10/27/2009. The
protocol is approved for a period of 3 years with annual continuation.

Title of Application: Malaria Vaccine in Healthy and SHIV-Infected Rhesus
ACC Number: 09-166

Condition of Approval: Prior to proceeding to Groups 2 and 3, the PI will submit a progress
report to the ACC summarizes the results and data for review.

Initial Approval Period: 10/27/2009 to 10/20/2010

Current Funding: Currently protocol NOT matched to specific funding source. Modification
will need to be submitted prior to Just in time or acceptance of award to match protocol to
external funding source. All animal work proposed in the funding application must be covered
by an approved protocol. '

UIC is the only performance site currently approved for this protocol.

This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of
Laboratory Animal Welfare, NIH. This letter may only be provided as. proof of IACUC
approval for those specific funding sources listed above in which all portions of the grant
are matched to this ACC protocol.

Thank you for complying with the Animal Care Policies and Procedures of UIC.

Btz o blf

Richard D. Minshall, PhD
Chair, Animal Care Committee
RDM/ss

cc: BRL, ACC File

i Phone (312) 996-1972 « Fax (312) 996-9088
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UNIVERSITY OF ILLINOIS
AT CHICAGO

Office of Animal Care and Institutional Biosafety Committees (MC 672)
Office of the Vice Chancellor for Research

206 Administrative Office Building

1737 West Polk Street

Chicago, Illinois 60612-7227

January 7, 2009

Zheng Chen

Microbiology & Immunology
M/C 790

Dear Dr. Chen:

The protocol indicated below was reviewed at a convened ACC meeting in accordance with the
Animal Care Policies of the University of Illinois at Chicago on 11/18/2008. The protocol was
not initiated until final clarifications were reviewed and approved on 12/11/2008. The
protocol is approved for a period of 3 years with annual continuation.

Title of Application: T-cell Responses in Rhesus Macaque Malaria Infection
ACC Number: 08-228

Initial Approval Period: 12/11/2008 to 11/18/2009

Current Funding ‘

This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of
Laboratory Animal Welfare, NIH. This letter may only be provided as proof of IACUC
approval for those specific funding sources listed above in which all portlons of the grant
are matched to this ACC protocol.

Thank you for complying with the Anjmal Care Policies and Procedures of UIC.

incerely yours,

i, Thad

Mary-B. Bowman, PhD '
Director, Office of Animal Care and Institutional Biosafety
/Enclosure

MBB/ss

cc: BRL, ACC File, Bridgett Ryan-Payseur

uUiC

Phone (312) 996-1972 © Fax (312) 996-9088
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VITA

Bridgett Ryan Payseur

Education:

PhD, Microbiology and Immunology, College of Medicine, University of lllinois laic&o, Chicago,
IL. Expected completion date: Octobere 2011

Concentrations: Immunology, T cell biology

Thesis topic: Host T cell responses during malaria, Acquired immunodeficiaminpme-virus, and
Listeria infections

B.S., Molecular and Cellular Biology, University of lllinois at Urbana/@paign, Urbana, ILMay
2006.

A.S., General Science, College of Lake County, Grayslake, IL May 2004.

Teaching Experience:
Teaching assistant, 2007-2008, University of lllinois at Chicago, College ditMe.

Student Mentor, 2007-2011: Mentored graduate and medical students during laboratory rotations

Resear ch experience:
Flow cytometry data analysis, T cell assays, Intracellular cytokamarsg, ELISA, molecular biology
techniques, microbiology techniques, statistical analysis

Publications:

Yan L, Qiu J, Chen J, Ryan-Payseur B, Huang D, Wang Y, Rong L, MeltonAYirditag NE, Chen
ZW. Selected prfA* mutations in recombinant attenuated Listeria monocytogenes strains augment
expression of foreign immunogens and enhance vaccine-elicited humoral and cellular immune
responses. Infection and Immunity, 2008.

Bridgett Ryan-Payseur, Zahida Ali, Dan Huang, Crystal Y. Chen, Lim R&chard C. Wang, William
E. Collins, Yungi Wang, and Zheng W. Chevirus Infection Stages and Distinct Thl or Th17/Th22 T-
cell Responsesin Malaria/SHIV-Coinfection Correlate with Different Outcomes of Disease. Manuscript
in press.
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Manuscripts:

Bridgett Ryan-Payseur, Zahida Ali, James Frencher, and Zheng W. Ch2Xo2/T cells display
adaptive immune properties duribggteria monocytogenes infection of rhesus macaques. Manuscript
in preparation.

Presentations and abstracts:

Yungi Wang, Crystal Y. Chen, Bridgett Ryan-Payseur, Dan Huang, Yun Shen, Richaahg.. ald
Zheng W. ChenMicrobial/host factors regulating adaptive immune features of Vy2Vo2 T cellsin
infections. Presented afh4lnternationaly6 T cell conference, 2010, Kiel, Germany by Zheng W. Chen.

Awards and honors:

Member of Phi Kappa Phi honor society since February 2008.

Member of Phi Theta Kappa honor society from 2002-2004.

Recipient of lllinois General Assembly Scholarship, August 2004-May2005.

Skillsand Qualifications:

MS Word, Excel, Powerpoint.

GraphPad Prism data analysis software.

Flow cytometric analysis using Summit Software.



