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SUMMARY

Scientific Background: Tuberculosis (TB), caused by Mycobacterium
tuberculosis (MTB), is one of the oldest, most expanded and most lethal
diseases in human history. Once thought to be controlled by the BCG vaccine,
an attenuated form of Mycobacteria, TB re-emerged due to the development of
drug resistant strains and the spread of HIV/AIDS. The vaccine has also
proved to be non-protective for adults when compared to children. There is a
pressing need to develop a new protective vaccine, and this cannot be done

without a deep understanding of the immune response against MTB.

A main focus of our lab is the Vy2V62 T cells, a major human yd T-cell subset
that exists only in primates and not in other animals. These cells recognize
phosphate rich compounds, such as HMBPP, essentially generated by a variety
of microbes including MTB and, IPP, produced by cancer cells and some virally

infected cells.

Problem and Aims: In a previous attempt to understand the function of
Vy2V62 T cells in immunity against TB, we have used HMBPP and IL-2 to
expand these cells in vivo in the context of a non-human primate TB infection
model. Results from this study suggested that Vy2V62 T cells confer high
protection against the disease. However, this protection could not be attributed
solely to Vy2V62 cells, as IL-2 also expands other immune cells. Hence, we
aimed at studying the exact role that Vy2V62 play in fighting TB using a

cleaner experiment where autologous ex-vivo expanded Vy2V62 T cells are

xii



SUMMARY (continued)

adoptively transferred into macaques after TB infection.

Despite the discovery of y6 T cells 30 years ago, there is still no definitive in
vivo evidence indicating that phosphoantigen (PAg) specific Vy2V62 T cells can
protect against MTB infection in human. Here, we aimed at exploring the role
of Vy2V62 T cells against TB using the adoptive cell transfer approach and a

TB infection macaque model.

Approach: Peripheral blood mononuclear cells (PBMCs) were collected from
cynomologus macaques and frozen down over time. Prior to the adoptive
transfer, PBMCs were thawed and used for in vitro Vy2V62 T cell expansion
using a standard protocol. Autologous Vy2V62 T cells were transferred to TB
infected macaques on early time points after infection. Animals were evaluated
for immune responses and infection status over time after adoptive transfer. At
8 weeks after infection, macaques were subjected to complete necropsy for

evaluation of gross pathology and bacterial burdens.

Results: Outcomes of this study came to support a protective role of Vy2V62 T
cells against TB. Infused Vy2V62 cells started to show up in the
bronchoalveolar lavages (BALs) of monkeys 6 hours after infusion, peaked at
24-48 hours and were still detectable at 7 days. Along the study, the Vy2V62

group showed significantly reduced weight loss and lymphocytopenia compared
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SUMMARY (continued)

to the control peripheral blood lymphocytes (PBL) group. Bacterial CFUs in the
BALs were significantly lower in the Vy2V862 group. Upon necropsy, macaques
who took Vy2V62 T cells showed significantly reduced bacterial dissemination
to lung lobes other than the primarily infected right caudal lobe. Reduced
dissemination was manifested by the absence of, or highly reduced
granulomatous lesions as well as significantly less bacterial CFUs compared to
the PBL controls. Reduced dissemination also applied for extra-pulmonary TB

manifestation.

Conclusions: We are the first to expand Vy2V62 T cells from macaques and
adoptively transfer them into a TB infection model. This study generated the
first evidence that Vy2V62 T cells confer protection against MTB and can give

new insights for the design of new vaccines against the disease.
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CHAPTER 1

Introduction

A. Life cycle of Mycobacterium Tuberculosis

The life cycle of Mycobacterium tuberculosis (MTB) starts with actively infected
individuals. Aerosols exhaled by those individuals form a main (or soul) source
of disease transmission in humans. Once inhaled by surrounding people,
aerosols are carried down to the lung alveoli, where bacteria are released to
start infecting an array of cells; with a preference for alveolar macrophages
(AMs) (1). Initially, an innate immune response is evoked; recruiting
inflammatory cells to come to the rescue (2). An adaptive immune response
gets launched only later (approximately 2 weeks), after the spread of MTB to
the closest lymph nodes (3-5). In the lymph nodes, dendritic cells present
bacterial antigens to T cells leading to their activation, differentiation and
expansion. The “now” effector T cells migrate to the site of infection, where, in
combination with other cells, participate in the formation of granulomas.
Granulomas are “organized structures that contain macrophages (M®s),
lymphocytes and fibroblasts” (6). Within the granuloma, T cells (mainly CD4 T
cells) secrete interferon-y (IFN-y), which in turn activates M®ds to help restrict

the dispersal and replication of MTB (6).



Despite the fact that the human system can control and clear most bacterial
infections, it cannot lead to clearance of MTB. Because of that, most infected
individuals harbor the bacteria but under control, showing no clinical
symptoms of disease in a state known as “latent infection” (7). In fact, up to
one third of the world is latently infected with tuberculosis (TB); forming an
enormous reservoir of potential infectious bacteria. Studies have shown that 5-
10% of latently infected individuals do develop active disease during their lives

(8).

Upon reactivation, actively infected individuals transmit the disease through
coughing of aerosol containing the infectious pathogen. Figure 1.1 shows a

schematic flow of the life cycle of MTB.

B. Evolution of Mycobacterium tuberculosis

TB is an ancient disease that is widely spread and continuously expanding all
over the world. MTB accompanied humans for thousands and thousands of
years. Around 2,500 years ago, Hippocrates, the ancient Greek physician,
reported that "phthisis", which means consumption, was the most prevalent
and deadly malady thereby (9). Interestingly, there are evidence that MTB lived
in humans before the era of Hippocrates, around 4,000 years ago, as

“tubercular decay” was found in skulls and spines of Egyptian mummies (10).

With time, through genomic adaptation, MTB learned to live inseparably from
humans as a specialized pathogen. For a long time, it has been thought that

mycobacteria were first introduced to the human population as a result of



contact with Mycobacterium bovis infecting farm animals. However, new genetic
analysis studies have proved that MTB is more closely related to Mycobacterium
africanum than Mycobacterium bovis indicating that MTB strains emerged and
co-evoluted about 70,000 years ago when anatomically modern humans
migrated out of Africa. Along time, increases in human population caused the
expansion of the pathogen that seemed to adapt to both low and high

population densities (11).

C. Tuberculosis (TB) epidemiology

MTB was discovered by Robert Koch in 1882 (12). In his “Nobel Prize” speech,
Koch stated terrifying facts about the disease saying: "If the importance of a
disease for mankind is measured by the number of fatalities it causes, then
tuberculosis must be considered much more important than those most feared
infectious diseases, plague, cholera and the like. One in seven of all human
beings die from tuberculosis. If one only considers the productive middle-age

groups, tuberculosis carries away one-third, and often more." (13)

Despite the fact that a huge first step towards fighting MTB was taken by
koch’s discovery to the causative agent of the fatal disease in 1882, it took a
significant amount of time to reduce morbidity and mortality of TB in the
world. The use of antibiotic treatments along with education of the population
and the development of the Mycobacterium bovis-Calmette Guerin (BCG)
vaccine altogether helped in controlling the disease over the years. Hence,

significant progress in the treatment and control of TB infection was achieved.



However, starting from the 1980s and 1990s, rates of tuberculosis increased
dramatically, especially in the developing world, mainly due to HIV/AIDS
pandemics, development of drug resistance, and limited public health
infrastructure (14). While rates have stabilized, they remain extremely high

(15).

Despite obvious dangers, therapies have been employed based on assumptions
of low rates of drug resistance (16). Reports of high rates of multidrug-resistant
tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB) in
recent years have alerted for new forms of TB, with new challenges and greater

problems (17-19).

In 2013, the World Health Organization (WHO) revealed 1.5 million annual
deaths caused by the disease with approximately one third of the world’s
population being latently infected and prone to reactivation. Figure 1.2 shows

the relative spread and prevalence of TB in the world.

D. Treatment of tuberculosis

After Koch's discovery of MTB, many attempts were made over the years to find
a compound that could stop the growth of TB bacteria. It took decades to find a
drug that can effectively kill MTB and still be minimally poisonous to humans.
In 1943, the antibiotic streptomycin was discovered and later proved to be
effective against tuberculosis. Unfortunately, early afterwards, it became
evident that MTB was becoming resistant to streptomycin. Another drug called

para-aminosalicylic acid was developed in 1943. When used together with



streptomycin, development of drug resistance was highly reduced. In 1952,
another drug called isoniazid was developed and also found its place in TB
therapy (20). Thus, in the decade between 1944 and 1954, the three drugs;
streptomycin, para-aminosalicylic acid, and isoniazid became available. When
taken in combination, and for a sufficient length of time that could reach up to
6 months, the prognosis for a patient with TB disease changed from dismal to

the expectation of cure (20) .

In 1980s and 1990s, the incidence of TB started to re-increase causing more
deaths every year. HIV-AIDS, the administration of corticosteroids and tumor
necrosis factor (TNF) inhibitors for treatment of allergies and autoimmune
diseases and the use of chemotherapy for treatment of cancer; all create highly
immunosuppressive host environments that causes the reactivation of latent
TB. Adherence to treatment courses is becoming very hard due to lengthy
treatment periods, side effects and toxicities of the multi-drug cocktails, and
drug-drug interaction problems (especially in cases of HIV coinfection). This
incomplete treatment is causing a tremendous increase in the development of

multi-drug resistant strains making TB eradication even harder (21).

Because different kinds of bacillary populations coexist in the host, ranging
from actively growing to latent, TB treatment using drugs is very challenging
and potentially leading to resistance. Thus, up to this time, the cornerstone for
any treatment of tuberculosis is still multidrug therapy. At least two drugs are

given at the same time to prevent the emergence of drug resistance. Sometimes



patients are treated with up to four different antibacterial drugs, and for

periods of a minimum of 6 to 24 months (22).

Because of all problems related to TB treatment, the best hope for decreasing
the burden of the disease is by creating an effective vaccine. For that, a deep

understanding of the immune response against MTB is crucial.



Immune protection:
T cells, IFN-y, TNF-a.... Etc.

Primary infection

|"-I

(?@ A
OIS oA )

-

- Latent infection
A \ K A

Transmission

Factors encouraging
Reactivation

—
ﬂ\ H\‘L e HIV/AIDS

( * Poverty and

' R 5-10% Malnutrition

[
(_/“ | j' {_ . De\{elopmentofDrug
| \ {— iF i —\I Resistance

e Corticosteroids for

Allergies
Cavitation | A A * TNF-ainhibitors for
Autoimmune Diseases
TB Reactivation *  Chemotherapy for
Cancer
e Others

Figure 1.1: Life Cycle of Mycobacterium tuberculosis. HIV/AIDS: Human
Immunodeficiency Virus/Acquired Immune Deficiency Syndrome, IFN-y:
Interferon-y, TNF-a: Tumor Necrosis Factor-a, TB: tuberculosis. Adopted from
(23). Appendix C shows permission of use.



Estimated TB incidence rates, 2013

tu 4
LX)
0 & o ° °

o
Estimated new TB

per year
, 1099 ®
[ 1019 \
[ 20-49

[ s0-124

[ 125-299 }
[ 300-499 " /
I =500

: No data

Not applicable

\)
A ) o e
o cases (all forms) per - \
100 000 population “,__. o of 6 °

-
3

Figure 1.2: Estimated Tuberculosis Incidence Rate of 2013. Estimated new
tuberculosis cases per 100,000 population per year. Adopted from the WHO
Global Tuberculosis Report 2014.

(http:/ /www.who.int/tb/publications/global report/en/)

Appendix B shows permission of use.



http://www.who.int/tb/publications/global_report/en/

E. Innate immune response against Mycobacterium tuberculosis

MTB is transmitted through the inhalation of aerosols generated by the
coughing and sneezing of actively infected individuals (24,25). These aerosols
are taken into the alveolar spaces of the lungs where the pathogen is actively
taken up by professional phagocytic cells, primarily resident AMs, where they
live and replicate (26,27). MTB can also actively infect and replicate within
dendritic cells (DCs), monocytes, neutrophils and alveolar type II epithelial cells

(28-30).

Mds possess various mechanisms to help eliminate mycobacteria. These
include the generation of toxic reactive oxygen species, increasing the acidity of
phagosomes and permitting phagosome/lysosome fusion (26). In addition, Mds
can restrict the release of intracellular mycobacteria by undergoing autophagy;
“a cellular process through which -cytoplasmic components, including
organelles and intracellular pathogens, are sequestered in a double-membrane-
bound autophagosome and delivered to the lysosome for degradation” (31).
Autophagy leads to the maturation of phagosomes by increasing their acidity;
which in turn help kill harbored mycobacteria (32). Once inside the M®, MTB
becomes highly resistant to clearance by phagocytosis. This is mediated by a
variety of immune evasion mechanisms for the pathogen own advantage. MTB
inhibit the trafficking and maturation of the phagosomes where they reside;
allowing them to escape digestion and killing by lysosomal enzymes (32-35).

MTB has the ability to detoxify toxic oxygen and nitrogen radicals produced by
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phagocytic cells (33-35). Several virulence mechanisms of MTB help to optimize
bacterial spread from cell to cell. For example, MTB induces the infected cells
to die through necrosis, freeing intracellular bacteria from compartment
constrains and allowing them to infect freshly recruited phagocytic cells and,
subsequently, expanding into a larger population (36). MTB possesses multiple
mechanisms for inhibiting host cell apoptosis (37-39); allowing prolonged
survival of infected cells and more bacterial expansion. In addition, inhibition
of apoptosis leads to inhibition of autophagy and hence, inhibition of powerful

degradative phagocytosis of bacteria (39).

Early phases of innate immune response to MTB infection involve continuous
recruitment of innate cells such as neutrophils, monocytes, interstitial Mds
and DCs. Once in the lungs, these cells get infected and housed by the growing
mycobacteria. Usually, in most infectious diseases, innate cells recruited to the
site of infection help kill and eliminate the invading pathogen. However, this is
not the case in TB where mycobacteria take advantage of the innate phagocytic
cells accumulating early on in the lungs, and rapidly expand to spread into a

larger population of cellular niches (36).

Infection of the AM occurs through receptor-mediated phagocytosis. Upon
entry, recognition of MTB is mediated through the engagement of pattern
recognition receptors (PRRs). Interestingly, the earliest of these interactions
which signals through the mannose receptor, induces an anti-inflammatory

program; delaying the recruitment innate immune cells to the lungs (40).
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Normally, when an inflammatory response is initiated; DCs are rapidly
recruited to the lungs (41). In the case of MTB infection, major influx of APCs

into the lung is delayed for the first 5-7 days following infection (4).

The early mobilization of APCs to the lung is critical to the timely control of an
MTB infection. This delay impairs the downstream adaptive immune activation

and bacterial control (40).

F. The adaptive immune response against Mycobacterium tuberculosis

DCs carrying MTB and MTB antigens from the site of infection migrate to the
draining lymph nodes to present antigens to T cells and initiate MTB specific
adaptive immune responses. As mentioned earlier, MTB induces a delay in the
priming phase of the adaptive immune response that leads to the
establishment of bacterial persistence. Generally, in case of TB, it takes 2 to 3

weeks after infection for an adaptive immune response to launch.

A successful priming of the adaptive immune response by DCs triggers the
expansion and phenotypic and functional maturation of MTB specific T cells,
which enter the circulation and home to the site of infection. Mature MTB
specific T cells enhance the phagocytic activity of infected M®s and induce the
production of toxic reactive oxygen and nitrogen species. In addition, MTB
specific T cells produce an array of cytotoxic/cytolytic cytokines capable of
killing infected cells as well as directly killing mycobacteria; in certain

instances (42).
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At the end, more importantly, an effective T cell response aids the formation
and maturation of the granuloma, considered necessary for containment of

infection (42).

1. The role of CD4+ T helper 1 (Thl) Cells

CD4 + Th1 T cells have long been recognized for their immune protective role
against TB. Interestingly, the WHO estimates the risk of developing TB to be
between 20 and 37 times greater in people living with HIV than among those

without HIV infection due to the loss of CD4+ T cells (43).

Th1 cells are characterized by the production of their signature cytokine, IFN-y.
The differentiation of Th1 cells requires the cytokine IL-12 secreted by activated
Mds infected with MTB. Humans carrying mutations in IL-12 or the IFN-y
receptor have shown higher susceptibility to mycobacterial disease. (44) Similar
results have been obtained from studies using mice defective in IFN-y
production. Interestingly, recent studies have suggested that rapid MTB
specific Thl cell depletion may contribute to the early onset of TB in

individuals with latent M. tuberculosis reactivation (45).

IFN-y functions to enhance the phagocytic activity of infected M®s, mainly, by
the induction of synthesis of reactive nitrogen and oxygen species. It also
enhances the antigen presenting capacity of infected cells by inducing the
upregulation of MHC II and necessary co-stimulatory molecules. In addition, it

induces production of chemokine attractants important for the recruitment of
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more Thl cells to the site of infection. Futhermore, IFN-y inhibits IL-17
production by T cells, thus, limiting pathogenic neutrophil recruitment and

associated necrotic inflammation (44).

In addition to IFN-y, Th1l cells produce TNF-a and IL-2. TNF-a proved to be
essential for the control of MTB infection after it was noticed that TNF-a
blockade used to treat inflammatory autoimmune diseases caused reactivation
of TB in patients (46). Indeed, mice deficient in this cytokine are the most
susceptible to MTB infection. The most striking characteristic of TNF deficiency
is poor phagocyte activation; which leads to a deficiency in chemokine

mediated recruitment of cells important for granuloma formation (47).

2. The role of CD8+ T cells

Typically, CD4+ T cells respond to exogenous antigens presented by MHC class
II, after being engulfed and processed along the endocytic pathway of the APCs.
On the other hand, CD8+ T cells respond to endogenous antigens present in
the cytosol of cells, after being degraded by the proteasome and coupled for
presentation to MHC class I. In some cases, MHC class I can present antigens
that enter the endocytic pathway, a process known as cross-presentation.
Following macrophage infection, MTB survives and replicates in the
phagosome. In addition to cross-presentation, several mechanisms have been
proposed to explain how bacterial antigens traffic from the phagosome to the
cytoplasm where they can enter the class I MHC processing pathway to be

presented to CD8+ T cells. Ultimately, mycobacterial antigens do enter the
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class I MHC pathway, since measurable CD8+ T cell responses are evoked by

infection in both humans and experimental animals (48,49).

In 1992, Flynn and colleagues showed that mice lacking proper MHC I
presentation succumb rapidly following IV infection. These data were the first
truly convincing evidence that CD8+ T cells were required for optimum
resistance to TB (50). Moreover, antibody-mediated depletion of CD8+ T cells in
vivo has shown to increase host susceptibility, while adoptive transfer of

purified CD8+ T cells enhanced host resistance (51-33).

CD8+ T cells elicited by MTB infection are cytolytic in vivo. MTB specific
cytolytic activity is detected within 4 weeks of MTB infection and persists for at
least 9 months. In vitro studies has shown that CD8+ T cells acquire the ability
to lyse infected Md®s, and the lysis is dependent upon granule exocytosis. The
strong cytolytic activity characterizing CD8 + T cells is mediated through the
production of the killing cytokines perforin, granulysin and granzymes A and
B; all playing different roles in target cell killing. For example, perforin makes
holes in the membranes of target cells allowing proteolytic cytokines, such as

granzyme B to enter the cell (51-54).

CD8+ T cells are are also major producers of IFN-y, TNF-a, and IL-2.
Interestingly, Tascon et al. showed that the ability of adoptively transferred

naive CD8+ T cells to protect T cell-deficient recipients required IFN-y (51-54).
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I. Gamma Delta T cells

Since their discovery in 1986, the function of this subset of T cells has been

intensely investigated and is now starting to be resolved (55).

Gamma Delta (y8) T cells represent a population of non-conventional T cells
that are identified by the expression of the y0 TCR instead of the a} TCR (56).
These cells evolved early in vertebrate phylogeny and are found in primitive
cartilaginous fish along with B cells and a3 T cells. y6 T cells do not respond to
peptide antigens presented by major histocompatibility complex (MHC) class I
and class II molecules that stimulate the majority of CD8 and CD4 a3 T cells,

respectively.

In secondary lymphoid organs they account for only 2%-3% of all CD3*cells

and the highest abundance of these cells is seen in the gut mucosa (57).

Human y6 T cells can be divided into three main populations based on § chain
expression. Cells expressing the 61 chain mainly populate mucosal surfaces,
specifically the intraepithelial layer. They function in preserving the integrity of
the epithelial tissue especially when exposed to damage caused by infection or
transformation (58). They also respond to stress induced antigens expressed on
epithelial cells (59). The second population express the V83 chain and forms
only ~0.2% of circulating T cells. V63 T cells are prominent in the liver and
expand in certain cases of chronic viral infection and in cases of leukemia (60).
The third and major population of y6 T cells expresses the V62 chains. They

represent the majority of circulating y6 T cells in healthy human adults,
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comprising 50%-90% of the peripheral y6 T cell population (61). These are
known for their importance in microbial infections and are the major subject of

this thesis. Following is a review of the main knowledge about these cells.

1. Vy2V62 T cells

The V62 chain pairs almost exclusively with Vy9 (also termed Vy2). The Vy2V62
pairing is present only in humans and nonhuman primates but not in rodents
or lower animals (61). These cells respond to self-nonpeptide and foreign
nonpeptide phosphoantigens (PAgs) presented by a newly discovered antigen

presenting molecule; butyrophilin 3A1 (BTN3A1) (62-64).

Vy2V62 T cells are considered both innate and adaptive immune cells as they
share hallmarks of both. From the innate side, these cells recognize conserved
microbial entities and rapidly respond and exert functions such as cytokine
production. And, from the adaptive side, after antigen recognition, Vy2V62 T
cells start to proliferate and expand to produce memory cells that can, in turn,
rapidly respond upon re-exposure to antigen and exert function. Immunological
memory is a hallmark of the adaptive immunity and the basis of any successful

vaccination.

2. Antigens recognized by Vy2V562 T cells

The natural antigens recognized by Vy2V82 T cells contain critical phosphate
moieties. Early studies demonstrated that Vy2V862 T cells are strongly activated
by a variety of killed microorganisms including bacteria such as MTB (65) and

parasites such as Plasmodium falciparum (66). Later, antigens have been
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identified as (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP), and
isopentenyl diphosphate (IPP), central intermediate metabolites in isoprenoid

synthesis (67) (Figure 1.3).

Isoprenoids are essential compounds that play a variety of roles in cellular
metabolism and in the synthesis of a large number of natural products. Diverse
compounds, such as cholesterol, steroid hormones, rubber, and various
vitamins, are derived from this pathway (68). The ubiquitous nature of this
pathway provided a partial explanation for the broad reactivity of Vy2V62 T

cells for both prokaryotic and eukaryotic pathogens.

HMBPP is a key intermediate produced by the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway of isoprenoid synthesis. The MEP pathway is found
in most Eubacteria, apicomplexan protozoa, cyanobacteria, and plant
chloroplasts. In contrast, human cells utilize the mevalonate pathway for
isoprenoid biosynthesis (69), which also activates Vy2V82 T cells in vitro
following presentation by professional antigen presenting cells or tumor cells,
but only at concentrations not achieved physiologically; unless in transformed

cells such as cancer and some virally infected cells (70,71).

Interestingly, the intracellular levels of IPP can be manipulated by the
therapeutically administered drugs. aminobisphosphonates (ABPs) such as
pamidronate and zoledronic acid, which are in clinical use for osteoporosis and

hypercalcemia of malignancies. These can enhance intracellular levels of IPP by
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the inhibition of farnesyl diphosphate synthase (FPPS) (71,72), contributing to

the activation and expansion of human Vy9Vé2 T cells (Figures 1.3 and 1.4).
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Figure 1.3: Natural and synthetic compounds with their approximate

bioactivities on human Vy2V62 T cells, as compared with HMBPP whose

bioactivity has been set to 1. Adopted from (55). Permission of use is shown in

Appendix D.
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farnesyl diphosphate synthase (FPP); leading to the accumulation of
isopenetenyl pyrophosphate (IPP) recognized by Vy2V62 T cells. Adopted from
(70). Permission of use shown in Appendix E.
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3. Antigen presentation to Vy2V62 T cells

Vy2V62 T cells recognize host and microbe derived phosphoantigens (PAgs) in
the presence of antigen presenting cells, but the molecular basis for PAg
recognition has long remained a major unanswered question in the biology of
Vy2V62 T cells. Many studies consistently agreed with the existence of a PAg
presenting molecule. The small size of PAgs, the requirement for cell-cell
contact, the findings that PAgs fail to bind directly to the soluble Vy2V62 TCR
and the fact that the putative antigen binding groove of the Vy2V62 TCR is
much larger than that occupied by the PAg alone have suggested that PAgs
activate lymphocytes by forming complexes with specialized antigen presenting

molecules (73).

Antigen internalization and processing proved to be not required for activation
of Vy2Vé2 T cells with PAgs. PAgs can be presented by non-professional
antigen-presenting cells, including Vy2V62 T cells themselves. Cells lacking the
expression of the [ microglobin chain; an essential part of the major
histocompatibility complex (MHC) class I and MHC class I like antigen
presenting molecules were still able to present PAgs to Vy2V62 T cells. All that
indicated that none of the known human antigen presenting molecules
including MHCI and MHCI related molecules are involved in PAg presentation.
Moreover, these findings suggested a ubiquitous nature of the antigen
presenting molecule (74). Interestingly, some evidence indicates that the

presentation of PAgs is species specific, which excludes the possibility of
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antigen presentation by a highly homologous antigen presenting molecule

expressed in different animal species.

In the September 2013 issue of Nature Immunology, through the use of a
genetic approach, De Libero and colleagues identified butyrophilin BTN3A1, a
ubiquitously expressed and nonpolymorphic molecule, as the molecule that
presents antigen to Vy2V62 T cells (62). BTN3A1l belongs to a family of
immunoglobulin-like molecules with immunomodulatory functions (75).
Studies of the binding of IPP or HMBPP to BTN3A1l showed that the two
molecules formed stable complexes, with the half-life of BTN3A1-HMBPP longer
than that of BTN3A1-IPP. Comparison of the binding kinetics of PAgs with
BTN3A1 showed faster association kinetics and slower dissociation kinetics in
the case HMBPP compared to IPP, explaining the well recognized higher

'‘potency' of HMBPP in stimulating Vy2V62 T cells.

4. Remarkable plasticity of activated Vy2V62 T cells

The Vy2V62 subset displays remarkable functional plasticity upon TCR
activation (76). Such plasticity was initially demonstrated in vitro through the
activation of Vy2V62 T cells using IPP in the presence of different cytokine
milieus. An abundance of IL-12 generates IFN-y secreting Thl-like cells
whereas an abundance of IL-4 generates IL-4-producing Th2-like cells (77). An
IFN-y/TNF-a secreting Th1-like phenotype is also generated following activation
with HMBPP plus IL-2 (78). By contrast, HMBPP activation of Vy2V62 cells in

the presence of IL-21 promotes a follicular helper (TFH) like phenotype that is
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homes to lymph node germinal centers to function in B cell help (79). Vy2V82 T
cells have also been reported to express Foxp3 and to display regulatory
activity after IPP activation in the presence of IL-15 and transforming growth
factor-f (TGF-B) (80). In addition, after 18-24 hours of IPP stimulation alone,
tonsillar Vy2V62 T cells showed a considerable overexpression of antigen-
presenting cell-like activity, with accompanying surface expression of MHC-II,

CD80, CD86, CD40 and CD54 (81).

The recognition of phosphorylated antigens allows Vy2V62 T cells to mediate
potent antimicrobial immune responses or promote the destruction of

transformed host cells that upregulate IPP production (68)



CHAPTER II

Materials and Methods

A. Bacterial Strains

The Mycobacterium tuberculosis (MTB) used in this study is of the Erdman
Strain. This was a gift from Dr William Jacobs (Albert Einstein College of
Medicine). MTB Erdman strain and all samples derived from MTB infected

macaques were placed on Middlebrook 7H11 media plates.

Mycobacterium bovis Karlson and Lessel (ATCC® 35748™); strain TMC 1108
[BCG Pasteur SM-R] was used to infect monocytes for the inhibition of bacterial

intracellular growth assay.

B. Challenge of Cynomolgus Macaques with Mycobacterium tuberculosis

Cynomolgus macaques were sedated with Ketamine (10mg/kg) and xylazine (1-
2 mg/kg) by intramuscular injection. A pediatric bronchoscope was inserted
into the right caudal lobe, and 500 CFUs of MTB Erdman strain was
administered in 3 mL of saline followed by 3 mL bolus of air to ensure full
inoculum was administered to the macaques. Macaques were monitored for
clinical signs of pulmonary TB 3 times weekly following infection and weighted

once weekly to determine the extent of weight loss following infection.

24
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C. Gross pathologic analysis of tuberculosis induced lesions

Eight weeks following infection, macaques were euthanized with pentobarbital
37.5 mg/kg IV) and immediately necropsied in a biological safety cabinet within
a biosafety level 3 (BSL-3) facility. A specialized pathologist and assistants
performed a blinded gross pathologic evaluation using standard procedures.
Each step was documented and reported in details and pictures were taken.
Organs including lung lobes, bronchial, mesenteric, axillary and inguinal
lymph nodes, tonsils, liver spleen, kidneys, intestines and others were collected
and labeled. Multiple tissue specimens were collected from all organs with
gross lesions and also from organs showing no apparent lesions. For
apparently infected organs, presence, number, location, size, distribution and
consistency were recorded. A standard scoring system (82) was used to
calculate gross pathology scores for TB lesions in lungs of infected macaques
as follows: “For each of lung lobes, granuloma prevalence was scored 0-4 for (i)
no visible granulomas, (ii) 1-3 visible granulomas, (iii) 4-10 visible granulomas,
(iv) >10 visible granulomas, and (v) miliary pattern of granulomas, respectively.
Granuloma size was scored 0-3 for (i) none present, (ii) <1-2 mm, (iii) 3—4 mm,
and (iv) >4 mm, respectively. Pulmonary consolidation or atelectasis as viewed
from organ exterior and cut surfaces were scored 0-2 for (i) absent, (ii) present
focally in one lobe, and (iii) focally extensive within a lobe or involving multiple
lobes. One score was also given for the presence of tuberculosis-related focal
parietal pleural adhesions, pleural thickening and opacification, or pulmonary

parenchymal cavitation. For hilar lymph nodes, enlargements were scored 0-3
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for (i) visible but not enlarged, (ii) visibly enlarged unilaterally (<2 cm), (iii)
visibly enlarged bilaterally (<2 cm), (iv) visibly enlarged unilaterally or
bilaterally >2 cm, respectively. Tuberculosis lesions in hilar lymph nodes were
scored 0—4 for (i) no granulomas visible on capsular or cut surface, (ii) focal or
multifocal, circumscribed, non-coalescing granulomas, <2 mm, (iii) coalescing
solid or caseating granulomas occupying<50% of nodal architecture, (iv)
coalescing solid or caseating granulomas occupying >50% of nodal
architecture, with residual nodal components still recognizable, and (v)
complete granulomatous nodal effacement and caseation, respectively. One
score was also given for tuberculosis-associated changes in other thoracic
nodes. The tuberculosis lesions in each of extrathoracic organs were scored
similarly as each lung lobe”. All scoring of infected lungs and other tissues was

performed in a completely blinded fashion.

D. Determining bacterial colony forming unit (CFU) counts in organ tissue

homogenates.

One cubic centimeter tissue sections harvested from right caudal, right middle,
and left caudal lung lobes and liver, spleen, and kidney of necropsied
macaques were taken after gross pathological analysis was completed. If there
were gross TB lesions in the respective lobe, a half of the lung tissue containing
50% lesions and 50% healthy tissue was taken. If no visible lesions were
present in the respective lobe, a random piece of tissue was taken for tissue

homogenization. Tissue homogenates were made using a homogenizer (PRO
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200, PRO Scientific INC, CT) and diluting the homogenate in sterile PBS+0.05%
Tween-80. 5-fold serial dilutions of samples were plated on Middlebrook 7H11

plate (BD).

E. Peripheral blood mononuclear cell (PBMC) isolation.

Freshly collected EDTA anti-coagulated blood was centrifuged and the buffy
coat was removed and diluted in phosphate buffered saline (PBS). Diluted buffy
coats were layered over Ficoll-Paque Plus (Amersham, Piscataway, NJ) and
centrifuged to separate PBMCs from red blood cells (RBCs) and granylocytes.
PBMCs were aspirated from top layer of Ficoll-Paque and contaminating RBCs
were lysed using RBC lysis buffer (eBioscience). Purified PBMCs were washed

twice and counted using a hemocytometer.

F. Bronchoalveolar Lavage (BAL) and Bronchoalveolar Lavage Fluid (BALF)

collection.

BAL was performed as previously described. Briefly, Macaques were sedated
with Ketamine (10 mg/kg) and xylazine (1-2 mg/kg), by intramuscular
injection. An intratracheal tube was inserted through the Larynx into the
trachea and placed at the carina. Saline solution was instilled and harvested
from the lungs through the intratracheal tube. A maximum of 10 mg/kg of
solution was placed in the lungs of macaques, and the recovery rate was

greater than 50% in all cases.
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G. Phenotyping of peripheral blood mononuclear cells and bronchoalveolar

lavage lymphocytes from Macaques.

For cell-surface staining, lymphocytes were stained with up to 6 antibodies
(conjugated to FITC, PE, APC, PB, PECy7, AF-700) for 15 min. After staining,
cells were fixed with 2% formaldehyde-PBS prior to analysis on an LSR
Fortessa flow cytometer (BD Biosciences). Lymphocytes were gated based on
forward and side scatters, and pulse width and at least 50,000 gated events
were analyzed using Summit Data Acquisition and Analysis Software

(DakoCytomation).

H. Intracellular Cytokine Staining of Mononuclear Cells.

Intracellular cytokine staining (ICS) was performed as previously described
(83). Briefly, 0.5x106° cells plus mAbs CD28 (1ug/ml) and CD49d (1pg/ml) were
incubated with or without 50ng/mL HMBPP in 100ul final volume for 1h at
37°C, 5% CO2 followed by an additional Sh incubation in the presence of
brefeldin A (GolgiPlug, BD). After staining for cell-surface markers for 15 min,
cells were permeabilized for 45 min (Cytofix/cytoperm, BD) and stained 45 min

for intracellular cytokines.

I. Ethics statement

The use of macaques and experimental procedures were approved by

Institutional Animal Care and Use Committee and Biosafety Committee
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(Protocol A 13-128 (Appendix A)), University of Illinois College of Medicine at
Chicago (UIC), and we followed the national and international guidelines
[International Primatological Society (IPS) International Guidelines for the
acquisition, care and breeding of nonhuman primates| regarding “The use of

non-human primates in research”

J. Inhibition of Mycobacteria growth assay

The THP1 human monocyte cell line was cultured in RPMI-1640 supplemented
with 10 % heat inactivated fetal calf serum. Cells were seeded at 2 x 105cells
per well in 24 well plates and differentiated to macrophages by stimulation with
20 ng/ml phorbol myristate acetate (PMA) for 18 to 20 hours. Cells were
subsequently washed with sterile medium and infected with either BCG at a
dose of 10 or 20 bacteria per cell. After 3 hours of incubation at 37°C,
supernatants were aspirated and each well was washed three times to remove
non-ingested mycobacteria and medium was replaced with 10% FBS
containing RPMI-1640 supplemented with 10pg/mL gentamicin to kill all

extracellular bacteria. 5mM EDTA in PBS

Ex vivo expanded macaque V62V62 T cells were used as effector cells. aliquoted
into wells containing target cells at the indicated ratios. The total volume of
target effector:target cell mixture was 200 pl in all cases. At 24 hours following
co-culture, cells were centrifuged, medium was removed, and cells were lysed

using sterile water solution to release intracellular bacteria. Solutions were
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serially diluted and placed on Middlebrook 7H10 agar plates to determine CFU

counts of BCG after 3 weeks of incubation at 37°C-5% CO»

Percentages of mycobacterial growth inhibition were determined as follows:

% inhibition = 100 - [100%(CFU in the presence of V62V62 T cells /CFU in the

absence of V62V62 T cells)].

K. Collection of cells for adoptive transfer

Monkeys of assigned to receive Vy2V62 T cells or peripheral blood lymphocytes
(PBLs) were bled 4 times before the onset of the study in order to collect and
freeze enough PBLs for the expansion/generation of cells to be infused back
into the monkeys. 10% of the total monkey blood volume was collected weekly
for 4 weeks. Blood was drawn from monkeys’ cephalic or saphenous veins
under anesthesia (Ketamine 10 mg/kg IM). This has been shown to be well-
tolerated by macaques in past studies. The macaques maintained hematocrit
and hemoglobin levels within the normal range with this blood collection
schedule. Cell blood counts were ran at each collection time point as to make
sure the animals were not anemic (hematocrit < 25%). If these limits were met,
sample collection was delayed until the animal has returned to normal red

blood cell parameters.

After the series of blood collections described above, monkeys had to rest for at

least two weeks before the start of the actual experiment.

L. Adoptive transfer of autologous cells into macaques




31

For the IV administration of cells, monkeys were given 10 mg/kg ketamine IM
for sedation. An IV catheter was placed in the cephalic or saphenous vein. After
cell infusion, the catheter was flushed with ~2 ml sterile saline, and then

removed.

M. Ex vivo expansion of VYy9V62 T cells

Fresh, frozen or a mix of both fresh and frozen PBMCs were used as a starting
cell population for the ex vivo expansion of Vy9V62 T cells. Frozen PBMCs were
thawed quickly after removal from liquid Nitrogen. Cryo vials were immediately
placed in a 37°C water bath until thawed completely. Freezing medium was
quickly washed out of cells and cells were washed 3-4 times with R10A. Cells
were then counted using trypan blue exclusion to determine exact number of

living cells.

PBMCs were resuspended in RPMI 1640 medium with 10% FBS, 1X
antibiotics/antimycotics (Life Technologies; 100 units/mL of penicillin, 100
ug/mL of streptomycin, and 2.5 ug/mL of Fungizone) and 5 pM Zoledronic Acid

(Sigma Aldrich).

On day zero, cells were resuspended in culture medium at 2x10° cells/ml and
seeded in U shaped wells 96 well plates at 100puL/well. Plates were placed in a
humidified 37°C, 5% COz incubator. On day 3, a 100pL of human recombinant
IL-2 (1000 IU/ml of R10A) were added to each well. On day 6, depending on the
color of the medium and cell density, more IL-2 was added and cells were split.

The culture was maintained at a cell density of 0.5-2 x 10° cells/ml. Fresh
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medium containing human IL-2 (1000 IU/ml) only (without Zometa) was added
every 2-3 days, and cells were split as needed. Cells were harvested on day 10-
12 and the frequency, phenotype, and functions of yd6 T cells was determined

by flow cytometry.

N. Statistical analysis

Statistical analysis was done using paired or unpaired two-tailed Student’s t
test using Graphpad software (Prism, La Jolla, CA). Similar trends were seen
using non-parametric analysis. Data compared were based on percentage,

unless otherwise stated.



Chapter III

Ex vivo Expanded Macaque Vy2V62 T Cells Using Zoledronate and IL-2
Show Th1l-Like Effector Functions and Inhibit the Intracellular Growth of

Mycobacteria

A. Introduction and Rationale:

Vy2V62 T cells are only present in humans and non-human primates (68,84).
Because of their ability to recognize and kill/lyse various types of tumor cells,
these cells have been a major attraction in the field of cancer immunotherapy.
It is believed that expanding these cells in vivo in cancer patients could help

with cancer treatment (68,85).

In vivo expansion of Vy2V62 T cells is achieved by treating patients with
aminobisphosphonates (ABPs) and IL-2 injections (85). The extent of Vy2V62 T
cell expansion has proved to correlate well with the objective anti-tumor
response in patients. However, several problems arose with such ABP/IL-2
treatment. Given the ubiquitous nature of the antigen presenting molecule, the
IPP that accumulate in cells after ABP treatment can be presented to Vy2V62 T
cells by any cell type and not only by antigen presenting cells. This robust and
continuous activation of Vy2V62 T cells can induce cell anergy, immune

exhaustion, and/or activation induced cell death (AICD). Even one intravenous

33
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ABP injection in the absence of exogenous IL-2 probably leads to loss of

Vy2V62T-cell function (68,85).

Since the vast majority of Vy2V62 T cells (approximately 98% in adults) are
memory cells, there is a limited extent to which these cells can respond and
expand after activation. The activation of Vy2V862 T cells by non-professional
APCs that lack the proper costimulatory signals and/or cytokines has the
tendency to lead to incomplete activation and AICD (68,76). This outcome
appears to happen in monkeys because intravenous immunization can only be
performed 2-4 times before there is no further Vy2V62 T-cell response (86).
Similarly, patients actively treated with ABP without IL-2 ended up having low
numbers of Vy2V62 T cells that couldn’t be expanded in vitro in response to
HMBPP and IL-2. Interestingly, recovery of proliferative responses in the
patients appeared to be very slow, as minor Vy2V62 T-cell expansions were

seen 6 months after cessation of therapy (68).

Because of the many problems accompanying the in vivo expansion of Vy2V§2
T cells mentioned above, the use of these cells for cancer immunotherapy has
been redirected to the adoptive transfer approach (87-89). Given the fact that
Vy2V62 T cells comprise only 1-5% of the total T cell population in human
blood, it was essential to find an efficient way to activate and expand these
cells in vitro in order to obtain high enough numbers of functional cells for
adoptive transfer. Of the many ways listed in the literature, ex vivo expansion

of Vy2V62 T cells for cancer therapy was mainly achieved by culturing patient
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derived autologous peripheral blood mononucleated cells (PBMCs) with

phosphoantigens or ABPs and IL-2.

Our lab has been studying the role of Vy2V62 T cells in immunity against TB in
macaques for around 15 years. It is now very well established that these cells
respond to MTB phosphoantigens by secreting various anti TB cytokines such
as IFN-y, TNF-a, granulysin, granzymes and perforin and expand accordingly.
Despite the many studies performed, there is no direct evidence for an immune
protection function of these cells against TB (84,86,90). So far, there are no
depleting antibodies for Vy2V62 T cells in the market. And, the IL-2 used along
with phosphoantigens for the in-vivo expansion of these cells in TB infected
macaques expands other types of TB specific CD4 and CD8 T cells (84,91).
Hence, the protective clinical outcomes obtained after this in vivo expansion of

Vy2V62 T cells cannot be attributable to Vy2V562 T cells exclusively.

From here we sought to use the adoptive transfer of ex vivo expanded
autologous Vy2V62 T cells into TB infected macaques as a more direct way to
explore their exact role in immunity against TB. And, since no one has
previously performed expansion of these cells from monkeys, it was our goal to
expand macaque Vy2V02 T cells and explore their various phenotypic and

functional abilities afterwards.
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B. Results and Discussion:

1. Ex vivo expansion of macaque Vy2V62 T cells using zoledronic acid and

Interleukin-2.

Our lab had some experience expanding Vy2V62 T cells from macaques, but
that was small scale/short term expansion for the purpose of testing the
potential phosphoantigen containment of different pathogen lysates and their
capability of activating/expanding Vy2V62 T cells. In those instances, synthetic
HMBPP was used as a positive control. Basically, monkey PBMCs were
cultured in medium containing HMBPP (40ng/mL) and 3 days later, IL-2 was
added to the culture. On day 7, cells were harvested and analyzed for the

expansion of Vy2V82 T cells by flow cytometry.

Looking back at the literature, we found that human protocols for the ex vivo
expansion of human Vy2V62 T cells mainly use ABPs such as zoledronate to
activate Vy2V62 T cells at the beginning of the culture (87-89,92). The main
reason for that is that these ABPs are commercially available FDA approved
drugs. Another reason is that ABPs lead to the accumulation of IPP in cells and
IPP is known to have a much lower potential to activate Vy2V62 T cells

compared to HMBPP; HMBPP is a 10,000X more potent (93).

From our experience with in vivo expansion of Vy2V62 T cells in monkeys,
HMBPP producing Listeria led to robust activation/expansion of Vy2Vé62 T cells
compared to IPP only producing Listeria but that was accompanied by a rapid

exhaustion of cells inducing anergy and AICD (94) (unpublished data). Since
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cell functionality and viability is crucial at the end of any expansion protocol,
we have decided to adopt the human protocol and use zoledronic acid (also

known as zoledronate) for more delicate cell activation.

In large scale expansions, the starting population of cells is large and the
ending population is at least 2 fold larger. For that, the adequate selection of
culture vessels, the adequate maintenance of cell density, the maintenance of
contamination free cultures and the availability of enough incubator space
become a real challenge. In human trials, 24 well plates are commonly used
and PBMCs were cultured at 1X10° cells /mL/well (92). So, for example, if the
starting population of cells is 109, around 42 plates are needed for culture
initiation and this number is expected to at least double at the end of the
expansion. We have tried to adopt this protocol, but cell activation and
expansion obtained were very weak. So, we decided to go back to our original
small scale expansion protocol and use U shaped wells-96 well plates instead

and 2X105 PBMCs/100pL/well.

Interestingly, the overall cell activation and expansion improved significantly
both in terms of final numbers and percentages of Vy2V62 T cells obtained at
the end (data not shown). Since the number of Vy2V62 T cells and antigen
presenting cells is low compared to other cells in PBMCs, we believe that
accumulation of cells in the bottom of a U shaped well significantly increases
the chances of interaction between antigen presenting cells (mainly monocytes)

and Vy2V62 T cells, allowing more activation to occur.
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Another modification we have made is the time point of IL-2 addition. Human
protocols add IL-2 to the culture in the very beginning along with zoledronic
acid (87-89,92). Despite the fact that the total number of cells obtained at the
end of the culture is higher, purity and percentage of Vy2V62 T cells is affected
by the expansion of non Vy2V62 T cells that might have been already activated
in the body at the time of blood collection and PBMCs isolation. One possibility
of IL-2 driven non-Vy2V62 expansion is that of T regulatory cells. These highly
express CD25, the IL-2 receptor (95). We believe that allowing those cells to
rest for 3 days after isolation decreases their capability of expansion. In
addition, since monkeys are not pathogen free, any kind of infection at the time
of blood collection might produce infection specific activated T cells that can

expand rapidly in response to IL-2.

From our observation of cells in culture, clusters of activated cells that are
beginning to expand start to show up as early as 24 hours after the culture
onset. And, these clusters continue to increase in size with time despite the
lack of exogenous IL-2. These clusters represent actively dividing clones of T
cells. We believe that most of these are Vy2V62 T cells that got activated by
APCs presenting IPP and started expansion by some sort of endogenous
cytokine secretion such as IL-2, IL-7 and IL-15. We find this to be interesting

and worth further investigation.

In human protocols the expansion culture continues for 14 days before being

harvested to be adoptively transferred to patients. We have seen that, in most
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cases, cells stop dividing and start to die by day 13. Since it is extremely
important to transfer living and functional cells to the monkeys in order to
evaluate their role in immunity against TB, we decided to end expansion
cultures anywhere between days 10 and 12 to guarantee a successful adoptive
transfer with healthy living functioning cells, especially because apoptotic cells

can cause induction of an immunosuppressive response inside the body (96).

2. Monkeys respond differently to ex vivo Vy2V62 T cell expansion.

We have screened PBMCs from 60 monkeys for their response to the Vy2V62 T
cell expansion protocol. And we have based the success of expansion on total
number of cells yielded and percentage of Vy2V62 T cells at the end of the
culture. As shown in Figure 3.1, monkeys differed greatly in terms of
percentages of Vy2V62 T cells yielded as well as with fold expansion. This

variation was equally observed in both male and female monkeys.

We were expecting to find a difference between age groups since most Vy2V62 T
cells in adults are known to have a memory phenotype; meaning that these
cells have already been activated and expanded in the body as a result of the
many bacterial infections that one can encounter in a lifespan. We found that
not to hold true in monkeys. All different age groups showed the same

tendency of Vy2V62 T cell expansion (Figure 3.1). It might be that monkeys are
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Figure 3.1: Monkeys respond differently to ex vivo Vy2V62 T cell expansion. A)
Steps of ex vivo expansion of macaque Vy2V62 T cell using zoledronic acid and
IL-2. B) Male and Female macaques respond similarly to the expansion
protocol of Vy2V82 T cells. C) Macaques of all age groups respond similarly to

the Vy2V62 T cell expansion protocol. D: day, IL-2: interleukin-2, NS: not

significant.




41

different than humans in this aspect, since these monkeys originally came
from non-human primate colonies raised in the wild or outdoors making them
susceptible to different kinds of infection. The case is different for humans,
especially in civilized parts of the world where sanitization/hygiene measures

are taken into consideration when raising children all the way to adulthood.

3. No correlation was found between extent (fold) and purity (%) of ex vivo

expansion of macaque Vy2V62 T cells.

Looking at the correlation between fold expansion and purity (percentage) of
the Vy2V62 T cells obtained at the end, we found that all expansions that gave
cell purities less than 40% also gave a cell yield less or equal to a 1 fold. Cell
purities in this category were lower than the >1-2 fold yield category and
significantly lower (P<0.05) than all other categories with more than a 2 fold

yield (Figure 3.2).

Looking at individual purity values in categories with >2 fold yields, not all
monkeys showed high purity such as 90% or higher. This indicates that,
despite the addition of IL-2 on day 3 of culture initiation, some non- Vy2V62
CD3+ T cells are still expanding to some extent that can be as much as ~50%
(Figure 3.2). As mentioned earlier, we expect these expanding cells to be either
CD25 high T regulatory cells (Tregs), autoreactive T cells that get activated and
respond to self antigens present in the PBMCs or T cells that were already
highly activated in vivo in response to certain acute or chronic infections from

which antigens are still presented in circulating antigen presenting cells.
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Another probability that could be thought of is the presence of a T cell
population other than Vy2V62 T cells that can recognize, respond and expand
to phosphoantigen stimulation. Whether other subsets of gamma/delta T cells
such as the V61 subset respond to phosphoantigen is not known. This can be
very interesting and can open a new field of investigation for a new aspect of

immunity.

All of these questions are worth investigation. Answers to these questions can
help improving the process of Vy2V62 T cell expansion, especially in terms of
cell purity yielded at the end. Having high percentages of Tregs or autoreactive
T cells can certainly affect the outcomes of cancer immunotherapy and can
cause autoimmunity. Nonetheless, it can affect outcomes of investigations that

study the role(s) of these cells in immunity against infections.

4. Non Vy2V62 T cells vielded after expansion are composed of both CD4

and CD8 T cells; and very few are T regulatory cells.

In a primary investigation, we inspected the identity of non-Vy2V62 T cells
present in the population of cells yielded after expansion. As Figure 3.3 shows,
these cells represent a mix of both CD8+ and CD4+ T cells. Looking at the
forkhead box protein 3 (FoxP3) expression, a marker for Tregs (95), low

percentages (~5%) of non-Vy2V62 T cells stained positive for FoxP3.
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Figure 3.3: A) Non Vy2V62 T cells yielded after expansion are composed of
both CD4 and CD8 T cells; and B) very few are T regulatory cells. FoxP3:

forkhead box protein 3
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5. Ex vivo expanding Vy2V62 T cells show both effector and central

memory phenotypes with a polarization to the effector memory.

We believe that the memory status of Vy2V62 T cells to be infused back into
monkeys can impact the role they might play in immunity against TB infection.
It is very well established that naive (Tnaive) cells take longer to respond after
antigen recognition but have a very high potency to differentiate and expand
into both effector (TEM) and central memory (TCM) cells, with a polarization to
the central memory category. TCM cells exert less function, like cytokine
secretion and killing, upon antigen recognition but have a high potency to
proliferate and expand. On the other hand, effector memory cells have a very
high potential of exerting effector functions but have a reduced ability to divide
and expand. Upon repetitive stimulation, effector memory cells become
terminally differentiated cells that display robust cytotoxic potential by
expressing killing cytokines in abundance and very little IFN-y. However, these
cells become unresponsive to further TCR stimulation and have no proliferative

capacity (68,76,97).

Another difference between different categories of memory cells is their tissue
homing preferences. While TCM prefer to stay in circulation and home back to
the lymph nodes, TEM can be detected in the circulation and show a

preference for homing to inflamed tissues, but very rarely to lymph nodes (97).

Human Vy2V582 T cells can be classified using surface expression of CD45RA,

CD27 and CD28. CD45RA+CD27+ are Tnaive cells, CD45RA-CD27+CD28+ are
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TCM and CD45RA-CD27+CD28- are TEM. Terminally differentiated TEM cells

become CD45RA+ve again (TEMRA) cells to be CD45RA+CD27- (68,76,97).

From our expansions, after 10-12 days of culture, all resulting Vy2V62 T cells
expressed the memory CD45RA-CD27+ phenotype. No naive cells have been
detected and a very small percentage (<1%) showed a terminally differentiated
phenotype. Looking at the type of memory, there was a significant polarization

toward the effector compared to the central phenotype (Figure 3.4).

Whether this bias toward the effector memory phenotype affects outcomes of

cancer therapy using the adoptive transfer of Vy2V562 T cells is not known.

6. Vy2V62 T cells produce the inflammatory cytokines IFN-y and TNF-a

specifically in response to phosphoantigen restimulation.

Since our main goal behind ex vivo expanding Vy2V62 T cells is to eventually
infuse them back into TB infected macaques and inspect their potential anti
MTB protective role, we sought to investigate their capability of secreting Th1l

cytokines, important for controlling the infection.

I[FN-y activates macrophages to kill and eliminate the mycobacteria. It also
enhances their expression of MHC class II molecules, which results in

improved antigen presentation to T cells (44).

While TNF-a has many functions, it is considered central to the appropriate
control of MTB infection. During the initial stages, TNF-a acts primarily as an

alarm cytokine alerting surrounding cells to the presence of an infection. It is
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believed that macrophage derived TNF commences the recruitment of innate

immune cells (46,47).

Ex vivo expanded Vy2V62 T cells do produce IFN-y and TNF-a specifically in
response to restimulation with phosphoantigens (Figure 3.5); suggesting that
these expanded cells have the potential of exerting protective functions against

MTB.

7. Vy2V62 T cells express the chemokine receptor CXCR3, a hallmark of

activated T helper 1 cells.

Since the ultimate goal of expanding Vy2V862 T cells is using them in immune
intervention for the sake of therapy or for conducting basic research
explorations related to the functions of these cells, it is very important to know
their potential homing destinies after adoptive transfer. For that, we sought to
determine whether these cells preferentially express certain homing receptors
over others. We have explored the potential expression of the chemokine

receptors CXCR2, CXCR3 and CXCRS and the cell adhesion molecule CD62L.

CXCR2 is important for homing to sites of inflammation where its ligand, the
inflammatory cytokine IL-8, is secreted by monocytes upon pathogen/danger
sensing in the beginning of an immune response, and accumulating to recruit
neutrophils and other innate cells (98). CXCRS is a hallmark of T cells that
reside in lymph nodes and are specialized in providing B cell help (99). CD62L,
also known as L-selectin, acts as a homing receptor for lymphocytes to enter

secondary lymphoid tissues via high endothelial venules.
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Figure 3.5: A) Vy2V582 T cells produce the inflammatory cytokines IFN-y and
TNF-a specifically in response to phosphoantigen restimulation. B)
Representative histograms showing the specificity of IFN-y and TNF-a secretion
in response to HMBPP stimulation. IFN-y: Interferon y, TNF-a: Tumor Necrosis
Factor a. HMBPP: E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate.
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CD62L is usually expressed by naive and central memory T cells (100).

CXCR3 is an inflammatory chemokine receptor whose expression is associated
with CD4+ Thl cells and CD8+ cytotoxic lymphocytes. CXCR3 and its ligands
regulate the migration/recruitment of Thl cells into sites of Thl driven
inflammation where IFN-y is produced in abundance. Chemokine Ligands of
CXCR3 (CXCL9, CXCL10 and CXCL11) are produced by monocytes, endothelial
cells, fibroblasts and other cells upon IFN-y induction. CXCR3 through binding
of its chemokine ligands has been shown to coordinate inflammation in the

periphery (101) .

Interestingly, we found that almost all of ex vivo expanded Vy2Vy2 T cells using
zoledronate and IL-2 express CXCRS3. In contrast very few expressed CXCR2,

CXCRS or CD62L (Figure 3.6).

More interestingly, a recent study has shown that TB specific CD4 T cells
expressing CXCR3 have a higher potential of controlling MTB infection in mice,
mainly due to their special ability of populating lung parenchyma tissue

compared to cell that do not express CXCR3 (102-104).

The fact that our ex vivo expanded Vy2V62 T cells exclusively express CXCR3

suggested a stronger potential of these cells to fight TB.
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8. Vy2V62 T cells produce cytotoxic cytokines without the need for

specific phosphoantigen restimulation.

We next sought to determine whether ex vivo expanded Vy2V62 T cells produce
killing cytokines upon restimulation with PAgs. We have screened for the
potential production of perforin, granulysin, granzyme A and granzyme B;
known to play different and complementary roles in the killing action of

cytotoxic/killer cells.

Perforin is a pore forming protein that can directly damage the cytoplasmic
membrane of target cells. Upon secretion by cytotxic T cells or natural killer
cells, perforin binds and inserts itself into the phospholipid bilayer of the target
cell plasma membrane and polymerizes to form pores spanning target cell
membrane. In addition, perforin is essential for the delivery of other
components of the cytotoxic granules, such as granzymes, to the cytosol of

target cells (105).

Granzymes are members of a family of serine proteases that are ultimately
responsible for target cell death. Granzyme A and Granzyme B are the most
abundant and thoroughly characterized in humans. While granzyme B is
clearly cytotoxic by the induction of apoptosis in target cells, granzyme A has
been shown to take a different role in killing. Mechanisms of granzyme A killing
include the degradation of extracellular matrix, and the induction of adherent

cells to manufacture proinflammatory cytokines (106).
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Granulysin is a cytolytic protein which belongs to the saposin (lipid degrading)
like protein family. Interestingly, granulysin have been shown to directly reduce
the viability of a broad spectrum of pathogenic bacteria, fungi, and parasites.
The underlying mechanism of granulysin’s cytotoxicity may involve the
insertion of its positively charged domain into the negatively charged surface of

target microbes or cells, resulting in alteration of membrane permeability (105).

As demonstrated in Figure 3.7, ex vivo expanded Vy2V82 T cells highly express
both granzymes A and B and to a lower extent granulysin and perforin. To our
surprise, this robust production of cytotoxic cytokines is not HMBPP specific.
More strikingly, a reduction in cytokine production was noticed upon HMBPP

stimulation compared to no stimulation in the case of granzyme A.

Although hard to explain, we believe that some speculations are worth further
investigation. First, in our protocol, the “unstimulated” condition means lack of
antigen of interest but still includes co-stimulatory signaling by the addition of
anti CD28 and anti CD49d antibodies to the cells of interest. Whether co-
stimulation alone is enough to induce the production of killing cytokines is

unknown.

Second, in a previous experience of ours in expanding T regulatory cell using
artificial beads coated with anti CD3 and anti CD28 antibodies in the
beginning of the culture followed with a continuous supply of high dose IL-2, a
similar pattern of robust granzymes and perforin production was noticed

without the need of cell reactivation or the addition of costimulatory signaling.
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Whether high production of killing cytokines is a manifestation of active cell

division induced by IL-2 is unknown and worth investigation.

Third, it has been previously reported that cells become highly cytotoxic in
advanced stages of effector memory when terminal differentiation is close to
being reached (76). Although very few of our cells expressed the TEMRA
terminally differentiated (TEMRA) phenotype, we believe that after such a

robust expansion, they are in advanced stages of Effector memory.

A fourth possibility that needs exploring is the ability of these cells to
degranulate as a function of antigen restimulation. Killing/cytotoxic cytokines
are usually produced and packed inside exocytic granules in the cytoplasm of
killing cells and degranulation is required for the accomplishment of killing
upon antigen encounter. It would be interesting to know whether these highly
produced killing cytokines are being secreted and whether this secretion is
antigen specific or not. From our data, the reduction of cytokines produced
upon HMBPP stimulation of Vy2V82 T cells at the end of expansion suggests
such an antigen specific degranulation action. Looking at the literature, it has
been reported that effector memory CD8+ T cells contained stored granzyme B
that could be released upon antigen encounter, leading to some levels of
immediate cytotoxicity. In contrast, only very low numbers of central memory
cells had intracellularly stored granzyme B, and as a result, were incapable of
immediate cytolytic activity (107,108). Inspecting CD107a, a marker of

degranulation, can be useful for further investigations.
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Another interesting finding of ours; expanded V62V62 T cells upregulated the
expression of CD56, a marker associated with killing (109), upon restimulation
with HMBPP (Figure 3.7C). This further supports the idea that degranulation of
killing cytokines might be phosphoantigen specific, as opposed to the non-

specific production of these cytokines.

9. Vy2V62 T cells do not secrete pro-inflammatory or anti-inflammatory

(suppressive) cytokines.

For a more complete screening, we have inspected the ability of expanded
Vy2V62 T cells to secrete the pro-inflammatory cytokines IL-1(, IL-6, IL-8 and
IL-17; all known to recruit innate cells to the site of inflammation; mainly
neutrophils, monocytes and DCs (42,110). Production of these cytokines by our

Vy2V62 T cells was very minimal or even diminished (Figure 3.8A).

Similarly, we sought to determine whether expanded Vy2V862 T cells produce
anti-inflammatory (inhibitory) cytokines of IL-10 and TGF-, normally
produced by T regulatory cells (95). No production of suppressive cytokines was

detected (Figure 3.8B).
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Figure 3.7: Vy2V62 T cells produce cytotoxic cytokines without the need for
specific phosphoantigen restimulation. A) Representative flow histograms
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HMBPP stimualtion B) Statistical significance of HMBPP stimulation C) Vy2V62
T cells upregulate CD56 (marker of killer cells) upon HMBPP stimulation.
HMBPP: E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate.
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10. Vy2V562 T cells are capable of inhibiting the intracellular growth of

Mycobacterium bovis (BCG)

Since expanded Vy2V62 T cells have shown to robustly produce killing
cytokines regardless of antigen stimulation, we needed to investigate their
functional capability of cytotoxicity in vitro. For that, we performed an
inhibition of growth assay where THP1 monocytes have been infected with BCG
and co-cultured with expanded Vy2V62. In addition we have investigated the
role of different cytokines in inhibiting the growth of mycobacteria using
blocking antibodies against TNF-a, IFN-y and granzyme A. Both IFN-y and TNF-
a are known to activate the phagocytic activity of macrophages (44,46,47),
whereas granzyme A is known to induce the production of pro-inflammatory

cytokines, such as TNF-a, and eventually activate phagocytosis (106).

As shown in Figure 3.9, at an effector:target ratio of 10:1, Vy2V62 T cells were
able to kill/inhibit intracellular MTB at a rate of ~70%. The addition of blocking
antibodies against different cytokines significantly affected this inhibition in all
cases; with TNF-a being the most significant. In fact, in a recent study,
granzyme A secreted by Vy2V62 T cells was shown to induce mycobacterium
infected macrophages to produce TNF-a and consequently, significantly
inhibited bacterial growth (111). This might explain the higher effect of TNF-a
blocking shown here; as it might involve blocking of granzyme A activity as

well.
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Figure 3.9: Vy2V062 T cells are capable of inhibiting the intracellular growth of
M. bovis (BCG). BCG: Bacillus Calmette Guerin, E:T: Effector:Target, IFNg:
Interferon y, TNFa: Tumor Necrosis Factor a, grnzmA: Granzyme A, PBMCs:
Peripheral Blood Mononuclear Cells.
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Results of the inhibition of growth assay described here emphasizes that
expanded Vy2V62 T cells can recognize PAgs in the context of an infected cells
and, as a result, respond by producing inflammatory and killing cytokines that

significantly reduce the survival/growth of intracellular mycobacteria.

A more elaborative experiment using blocking antibodies against other
cytokines; such as granzyme B, granulysin and perforin is worth following. In
addition, the use of MTB instead of BCG and autologous monocytes instead of
THP1 cells can make more accurate/specific conclusions in terms of describing

the role Vy2V82 T cells play in immunity against TB.

C. Concluding Remarks and Future Directions.

This study represents the first attempt to expand Vy2V62 T cells from
macaques. Ex vivo expansion of these cells was achievable using zoledronate
and IL-2 as applied in protocols of human Vy2V62 T cell expansion with some

modifications.

At the end of expansion, most Vy2V62 T cells express the effector memory

phenotype (CD45RA-CD27+CD28-) and very few were terminally differentiated.

Ex vivo expanded Vy2V62 T cells express the chemokine receptor CXCRS3;
important for homing to sites of Th1/IFN-y induced inflammation. In addition,
the cells specifically produce IFN-y and TNF-a, associated with Th1 functions,
upon restimulation with HMBPP. All indicating a suggestive protective role

against MTB.
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Ex vivo expanded Vy2V62 produce Kkilling cytokines regardless of PAg
restimulation. Looking for the potential of antigen specific degranulation is

worth investigation.

The cells are capable of killing/inhibiting the growth of intracellular BCG. This
action can be mediated by IFN-y, granzyme A and most significantly TNF-a.
Investigating the role of other killing cytokines can very informative of the

potential multifunctionality of these cells.

As for future directions, we are looking forward to improve the expansion
protocol by including inhibitors of cell exhaustion. We are hoping for better

yields in terms of numbers and quality.



Chapter IV

Tracking of Fluorescently Labelled Vy2V42 T Cells in Blood and Broncho-

Alveolar Lavage Fluids of Naive Cynomolgus Macaques

A. Introduction and Rational:

As mentioned earlier, many problems are associated with in vivo expansion of
Vy2V62 T cells. Continuous activation of Vy2V62 T cells using
aminobisphosphonates (ABPs) and IL-2 leads to cell exhaustion, anergy and
activation induced cell death (68,112). All that could eventually result in a
systemic defect of Vy2V62 T cells in the body and, potentially, defective

immune responses to come.

Similarly, immunotherapy using the adoptive cell transfer of ex vivo-expanded
Vy2V62 T cells could have potential problems. Like ap T cells, y6 T cells appear
to have a homeostatic set point (113). Thus, additional y& T cells infused
intravenously may rapidly be lost, as there is insufficient ‘space’. This loss has
been a major problem in adoptive immunotherapy with tumor specific af T
cells. In such cases, preconditioning the recipient by lymphodepletion using
non-myeloablating chemotherapeutic agents resulted in better outcomes in
terms of cancer treatment (114-116). Whether similar lymphodepletion
approaches could help the persistence of Vy2V382 T cells after adoptive transfer

has not yet been investigated. However, it is believed that supporting the
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infused Vy2V62 T cell population with injections of low dose IL-2 can help the
survival and, probably, the proliferation of these cells in the body. Interestingly,
in a very recent study, Izumi et al (117) reported that Vy2Vé62 T cells persisted
and increased in blood during and up to 12 weeks after the course of 8 weekly
infusions without prior lymphodepletion or ongoing cytokine treatment.
Importantly, infused cells maintained effector functions of IFN-y production
upon restimulation with PAgs, suggesting the possible presence of “some”
endogenous factors that could support the persistence and functionality of

these cells in vivo.

Another potential problem related to the adoptive transfer of Vy2V62 T cells is
the homing/trafficking of these cells. Where these cells go after intravenous
infusion could play a critical role in the success of treatment using the adoptive

transfer strategy.

In a mouse model of human breast cancer, adoptively transferred y6 T cells
labeled with radioisotope have shown to specifically localize to breast tumors.
On the other hand, these cells were found to mostly localize to the spleen of
healthy mice (118). Similarly, in humans, Vy2V62T cells were found to traffic to
the lungs within the first hours of infusion and gradually homed to the spleen,

liver and tumor site afterwards (89).

In terms of tumor progress, adoptively transferred human yé T cells were able
to control the growth of tumors generated by human breast cancer cells

xenografted into athymic (nude) mice (118). In humans, treatment outcomes
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have ranged from total failure to partial remissions to stable disease and rarely
to cure. In general, Vy2V62 T cell based immunotherapy has shown to improve
overall survival of cancer patients. Interestingly, outcomes correlated very well
with the ability of Vy2V62 T cells to expand in vitro and with the number of
cells infused back into the patient; suggesting that infused cells can persist to
periods that allows them to reach tumors and exert effector functions against

them (68,87-89,119).

To our knowledge, there is only one study that used the adoptive transfer of ex
vivo expanded Vy2V62 T cells in the context of an infection. To investigate their
anti-viral activity, highly purified expanded Vy2V62 T cells were transferred
intravenously into influenza infected humanized mice after 2, 4 and 6 days of
infection (120). Vy2V82 T cells peaked in the blood after the second infusion
and then gradually decreased back to basal levels 10 days later. Mice treated
with Vy2V62 T cells showed less viral replication in the lungs and reduced
weight loss compared to control mice and, interestingly, more survived. This
further suggested that ex vivo expanded Vy2V62 T cells are functional in vivo

and play a role in controlling influenza infection.

As shown in Chapter 3 of this thesis, we have successfully expanded Vy2V62 T
cells from macaques ex vivo. Expanded cells showed phenotypic and functional
aspects similar to Thl CD4+ cells and were able to inhibit the growth of
mycobacteria when cultured with BCG infected monocytes. Our main goal for

expanding these cells is to use them for studying their potential role in immune
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protection against TB in a clean model of adoptive transfer without the
interference of exogenous cytokines that potentially support/enhance function
of other TB specific immune cells. It is of extreme importance to know whether
these cells are able to persist and function in vivo after infusion. For that, we
sought to infuse naive monkeys with fluorescently labeled ex vivo expanded
autologous Vy2V62 T cells and use flow cytometry to track cells in blood and

BALF at several time points post infusion.

B. Results and Discussion:

1. Study Design

We have designed a tracking experiment where Vy2V62 T cells were
fluorescently labelled and infused back into naive monkeys and tracked them
in blood and BALF at several time points after infusion. We have looked in the
literature searching for a suitable fluorescent tracking dye that does not
interfere with FITC, the dye marking our anti Vy9 (Vy2) antibody, and found
PKH26. In order to secure enough cell numbers to be detected by flow
cytometry after infusion, we collected and froze PBMCs from 4-5 blood draws;
each forming 10% of the monkeys’ total blood volume. All cells were thawed
simultaneously and used for one large scale ex vivo expansion and one
infusion. In order to reduce cell manipulation and because of the high toxicity
of the PKH26 dye, only half of the total cells infused back into the monkeys
were fluorescently labeled. PKH26 is a fluorescent lipophilic dye that mainly

stains cell membranes and the working solution provided with the staining kit
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is ethanol based. From our experience, PKH26 was very toxic to our cells
causing considerable cell death and loss of function (data not shown). Labeled

and unlabeled cells were mixed right before infusion.

As shown in Table 1, three monkeys were used in this experiment; each
received different number of cells/Kg of body weight. For tracking, blood
samples were collected 5 minutes, 30 minutes and 1, 3, 6, 12 and 24 hours
after infusion and then every other day until day 7. BALF samples were

collected 1, 6 and 24 hours after infusion, and then at days 3 and 7.

2. Vy2V562 showed a tendency to accumulate and persist in the lungs for

at least 7 days post infusion

Interestingly, cells were detected in both blood and BALF samples after
infusion (Figures 4.1, 4.2 and 4.3). Cells peaked in blood 5 minutes post
infusion and started to disappear 30 minutes later in all 3 monkeys. In the
case of 3 X 108 cells/Kg infusion, percent of Vy2V862 T cells in blood tripled at
their peak compared to baseline and PKH26 +ve cells constituted around 50%

of the total Vy2V82 population. Total percent of Vy2V62 T cells was still higher
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Monkey ID | Number of Vy2V62 cells Infused

8
CN 8110 2 X 10 cells/Kg

8
CN 8365 3X 10 cells/Kg

8
CN 8366 1.8 X 10 cells/Kg

Table 2: Number of Vy2V62 T cells infused by designated monkey. CN:
Cynomolgus

100
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40 4
CN 8365

] CN 8110
20 CN 8366
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u I | |
¢ ‘p‘}@ @éﬂ’ vo‘}&
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Time post infusion

Figure 4.1: Vy2V52 cells peak in bronchoalveolar lavages of monkeys at 24-48
hours and still persist at day 7 post infusion.
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than baseline up to 7 days post infusion suggesting that these cells were still

circulating in the body.

In BALF, the appearance and peak of infused cells differed between monkeys.
In the case of 3 X 108 cells/Kg infusion, cells showed up at 6 hours, peaked at
24 hours and were still highly detected at 7 days post infusion. Compared to
baseline (~5% of total T cells), percent of Vy2V62 T cells was four times higher
at 6 hours (~20% of total T cells) and around 10 times (50% of total T cells) at
24 hours post infusion. Monkeys that took 2X108 cells/Kg and <2X108 cells/Kg
infusions showed some delay in trafficking to the lungs. An increase in
percentage of Vy2V62 T cells started at 24 hours and peaked at 48 hours post
infusion. Such apparent delay can be explained by possible low sensitivity of
flow cytometry detection to small increases in cell numbers/percentages and
might be over-represented due to the long gaps between the BALF collection
time points between 6 and 24 hours post infusion. However, magnitudes of
increase in percentages of Vy2V562 T cells correlated very well with number of
cells infused per kilogram body weight. And still, cells were highly persistent at

day 7 post infusion in all cases.

Interestingly, looking at the PKH26 +ve cells in BALF, generally, at all time
points, these constituted around 10-15% of the infused Vy2V62 population
compared to the original 50% before infusion. This indicates that infused
PKH26 stained cells might have died in vivo due to toxicity of the dye. Since a

portion of the PKH26 +ve cells was able to make it to the lungs, it is less likely
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Figure 4.2: Vy2V562 cells peak in blood at 5 minutes post infusion. These are
representative flow plots of samples collected from CN 8365 who received 3 X
108 cells/Kg. min: minutes.
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Figure 4.3: Vy2V52 cells peak in the bronchoalveolar lavage of monkeys at 24
to 48 hours post infusion. These are representative flow plots of samples
collected from CN 8365 who received 3 X 108 cells/Kg.
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that PKH26 could have affected the cell surface molecules responsible for
adhesion and homing. In addition, PKH26 have been extensively used in stem
cell research and has been shown to home to many different organs in vivo.
However, consistent with our observations, PKH26 labelled cells proved to live

shortly after labelling, up to 7 days (121).

From the above, it is very clear that infused Vy2V62 T cells have a tendency to
home or accumulate in the lung compartment and can highly persist there for
a week after infusion with a very limited tendency to recirculate in the blood.
How long these cells can stay in the lungs post transfer is worth exploring. In
addition, is the lung compartment the only place where infused cells would
accumulate? What about lymph nodes, spleen, liver, intestinal mucosa...etc.
Such question can be answered by further tracking infused cells using

radioactive labelling and whole body radio-scanning.

Another very important question is, why the lungs? Since these animals are
naive, there should not be any kind of specific inflammatory recruitment to the
lungs. Previous adoptive cell transfer investigations of stem cells and SHIV
specific CD8 T cells have reported the same lung accumulation phenomenon
noticed here.in both mice and monkeys (122-126). In fact, monkey studies
have shown that transferred cells persisted in BALFs for more than 8 weeks
post infusion. Even in cases where cytotoxic T cells where transfected to
express homing receptors to the intestinal mucosa, these cells still

accumulated in the lungs and “apparently” never reached or never survived in
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the intestines (123,124). The limited persistence of transferred cells in blood
and long term persistence in the lungs (BALF) might be due to the route of cell
infusion. Cells where infused via the cephalic or saphenous veins; known to
convey initial passage through the pulmonary vasculature before gaining
access to the systemic arterial circulation. It is possible that a substantial
proportion of the infused cells were trapped in this tissue in a nonspecific
manner and thus did not enter the arterial circulation and consequently was
not able to go back to the circulation or home anywhere else in the body.
Another possibility, homing to the lungs may be due to expression of adhesion
molecules, such as lymphocyte function-associated antigen-1 (LFA-1), which
mediate T cell entry into the airways (127,128). There is also evidence that the
morphological rigidity or polarization of effector cells contributes to trapping
within pulmonary capillaries (129,130). Interestingly, the adoptive transfer of
bulk, unstimulated PBMCs does not result in accumulation of the transferred
cells in the lungs in cynomolgus macaques (131), suggesting that this
phenomenon may be dependent on the activated effector phenotype of the

transferred cells.

However, it is important to emphasize that the long-term persistence of
transferred T cells in the lungs (as detected in BALs), together with their
preserved capacity to respond to Ag stimulation ex vivo, point to an intrinsic

capacity of the infused cells to survive and maintain function in vivo.
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To our knowledge this study represents the first documentation of Vy2Vé2 T

cell tracking after adoptive transfer in monkeys.

C. Conclusions and Future Directions:

In conclusion, this is the first effort to adoptively transfer and track ex vivo
expanded Vy2V62 T cells in macaques. Infusion of large numbers of these cells
was safe with no adverse reactions detected. The infused cells persisted and
remained functional in lungs for at least 7 days, but showed limited
recirculation in the blood. The infused cells remained functional and produced
IFN-y upon restimulation with HMBPP when tested ex vivo at 24 hours post

infusion (preliminary data not shown).

Further experiments will inspect the extent of persistence of infused Vy2V62 T

cells in BALFs beyond 7 days post infusion.

Knowing if the cells have the potential to home to organs other than the lungs

can be done using radioactive tracking of infused cells and radioactive imaging.



Chapter V

The Adoptive Transfer of ex vivo Expanded Autologous Vy2V62 T Cells
Confers Protection against the Dissemination of Mycobacterium

Tuberculosis in Cynomolgus Macaques

A. Introduction and Rationale:

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), is one of the
oldest, most expanded and most lethal diseases in human history. Once
thought to be controlled by antibiotic treatments and vaccination, TB re-
emerged as a result of increasing poverty, the development of drug resistant
strains and the spread of HIV/AIDS (132,133). The BCG vaccine, a live
attenuated form of Mycobacteria, cannot be used in immunocompromised
patients of HIV and others, and has proved to be non-protective for adults
(134-138). There is a pressing need to develop a new protective vaccine and/or
immunotherapeutics, and this cannot be done without a deep understanding of

the immune response against MTB.

We have been studying immune responses against TB using macaque non-
human primate TB models for over a decade now. We have investigated the role
different subsets of T cells play in fighting MTB and made various
investigations to study the potential therapeutic/protective capacities certain

cytokines and bacterially derived compounds might have against the disease.
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A main focus of our lab is the Vy2V62 T cells, a major human yd T cell subset
that exists only in primates and not in other animals. These cells constitute
65-90% of total circulating y6 T cells in humans and are known to contribute
to both innate and adaptive-like immune responses in various infections
(90,139-141). Vy2Vb82 T cells recognize phosphate rich compounds, such as
HMBPP, essentially generated by a variety of microbes including MTB and, host
IPP, accumulating in cells undergoing stress; such as cancer cells and certain

virally infected cells. (56,67,93,142,143)

Our decades-long studies in non-human primate models highly contributed to
illustrating biology and immune responses of human Vy2V62 T cells in MTB
and other infections. We showed that administration of phosphoantigen
compound plus IL-2 induced remarkable expansion of Vy2V62 T cells,
antagonized cytokine-induced Foxp3+ T regulatory cells, reversed T regulatory
cell mediated immune suppression, and attenuated pneumonic plague lesions

in non-human primates (83,144-1406).

Early studies have shown that infections with HMBPP producing bacteria
including BCG and MTB could remarkably activate, expand and recall expand
Vy2V62 T cells that could readily traffic to and accumulate in the lung
compartment of macaques (68,86). Interestingly these cells were found to
accumulate as part of the T cell population within TB granulomas. Pathogen

induced Vy2V62 T cell activation/expansion in these studies produced various
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cytokines that correlate well with immune protection against TB, such as IFN-y

and cytotoxic cytokines.

In our latest attempt to understand the function of Vy2V62 T cells in immunity
against TB, we have used HMBPP and IL-2 to expand these cells in vivo in the
context of a non-human primate TB infection model (84). Results from this
study suggested that Vy2V62 T cells confer high protection against the disease.
However, this protection could not be attributed solely to Vy2Vé2 cells, as IL-2
also expands other immune cells. In fact IL-2 alone treatment did confer
immune protection against TB in macaques. Interestingly, treating MTB
infected macaques with high dose IL-2 before and after infection did result in
similar outcomes in terms of pathology reduction and to a lower extent in
terms of bacterial burdens (91). However, this was accompanied with a huge
expansion of T regulatory cells and not Vy2V62 T cells; re-emphasizing a role of

IL-2 driven expansion of non- Vy2V82 T cells in immune protection against TB.

Consequently, studying the exact role that Vy2V82 play in fighting TB needs a
cleaner strategy. Such strategy can be achieved by either depletion of Vy2V62 T
cells before and during TB infection or by the adoptive transfer of these
autologous Vy2V62 T cells into MTB infected macaques. Since there is no
depleting antibody for these cells in the market yet, the only option left is that
of autologous adoptive transfer. The percentage of Vy2V62 T cells in the
circulation is very low (1-2% of the total T cell population), there is no way of

collecting cells for adoptive transfer without expanding them ex vivo before



77

infusing them back into monkeys. As described in Chapters 3 and 4, for the
first time, we have successfully expanded Vy2V62 T cells from macaques using
zoledronate and IL-2 to numbers high enough for adoptive transfer and without
losing functional characteristics of the cells. In addition, these cells were found

to accumulate in the lungs and persist for at least 7 days.

This study represents the first of its kind where Vy2V62 T cells are adoptively
transferred in macaques in the context of MTB infection and aims to reveal the

role they might play in immune protection against the disease.

B. Results and Discussion:

1. Study Design:

For this study, we have chosen to use long tailed crab eating “cynomolgus”
macaques (Macaca fasicularis) for two major reasons. First, “the spectrum of
disease observed in these monkeys is similar to humans, and this model can
be very useful for studying pathogenesis and immunology of tuberculosis, as
well as testing vaccines, diagnostic reagents, and drugs prior to use in human
populations” (147,148). Second, these monkeys are small in size compared to
other species, average weight for adult males ranges between 4.7 and 8.3 Kg
and for adult females between 2.5 and 5.7 kg (149). Monkey weight matters in
our case, because that would reduce the number of cells needed for infusion.
As mentioned in chapter 3, large scale ex vivo expansion of Vy2V62 T cells can
be very challenging in terms of required care, labor and incubator space

needed.
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The use of 500 CFU MTB for infection is considered a high dose infection that
leads to severe TB. Previous studies in the lab (150) have shown that 500 CFU
will not lead to rapid death in adult monkeys including cynomolgus macaques.
Two to three months after infection, monkeys are not expected to develop
clinical signs of TB but will have developed apparent inflammation and lesions;
allowing us to evaluate the effect of infused Vy2V62 T cells on disease

progression in terms of gross pathology and bacterial burdens.

To determine the number of autologous Vy2V62 T cells to be infused back into
monkeys after TB infection, we have looked at similar adoptive transfer studies
performed in mice and humans. We have carefully inspected studies where the
adoptive transfer showed beneficial outcomes in terms of tumor progress
and/or protection against viral infection. Generally, number of cells given per
infusion is 210° cells for mice (118,120) and 210° for humans (87-89). The
average weight of a laboratory mouse is 20-30 g and that of an adult human is
50-80 Kg. Cynomolgus macaques weigh 3-6 Kg in average. Based on that, we

thought that 108 cells per monkey could be equally effective.

In addition, we looked back into the results of our recent study that showed
that HMBPP/IL-2 treatment of TB infected monkeys expands Vy2V862 T cells to
up to 60% of the CD3 T cell population. As mentioned previously, these
monkeys showed a significant reduction in granulomatous and necrotic tissues
typical of the disease (84). Monkeys had an average of 1 X 10° Vy2V62 cells/mL

of blood. Since, the average total blood volume of these cynomolgus macaques
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is 300 mL, the total number of Vy2V582 cells is 300 X 106 cells/entire blood.
Based on that, we aimed at using the same number of cells and infuse 2100 X
106 (1X108) Vy2V82 cells shortly after the establishment of infection (on day 4)
and 21X108 cells 2 and 4 weeks after the initial infusion, respectively (Table 2
and Table 3). The reason why the total number of cells was given on three
separate infusions with 2 week period laps is to replenish the body with more
Vy2V62 cells since we believe that most previously infused cells will have
accumulated in infected lungs and that some might have eventually died after

2 weeks.

2. Monkeys that received Vy2V62 T cells showed less bacterial burdens in

broncho-alveolar lavages throughout the course of tuberculosis infection.

One measurement of active TB is the presence of bacteria in the BALFs. As
Figure 5.1 shows, bacterial CFUs recovered from BALFs of monkeys over time
were significantly less in the monkeys from the Vy2V62 T cell group compared
to the PBL group, suggesting that infused Vy2V62 T cells might have
contributed to the killing/inhibition of MTB in the lungs of infected macaques.

3. Monkeys that received Vy2V62 T cells showed less weight loss

throughout the course of tuberculosis infection.

Another measurement of active TB is weight loss. MTB has been frequently
referred to as the “queen of consumption”. Interestingly, weight loss is
significantly more prominent in patients with disseminated extra-pulmonary

TB (151). As shown in Figure 5.2, monkeys that received Vy2V62 T cells
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Day 1 Day 4 Day 18 | Day 32 Day 60
Group 1 | M. Vy2V62 T-cell (2108cells) As day 4 | As day 4 | Euthanazia

tuberculosis

(500 CFU) Termination
Group 2 | M. Peripheral blood lymphocytes | As day 4 | As day 4 | Euthanazia

tuberculosis | (PBL) (2108cells)

(500 CFU) Termination
Group 3 | M. 1 mL saline As day 4 | As day 4 | Euthanazia

tuberculosis

(500 CFU) Termination

Table 2: Animal Groups and Treatments. M. tuberculosis: Mycobacterium
tuberculosis, CFU: Colony Forming Unit.

Monkey # D3 D17 D 28 Total cells infused/Kg (purity)
Vy2Vé2

CN 7826 125X 10%6 210 X 10"6 75X 106 102 X 10"6 (91%)
CN 8343 125X 10% 210 X 10"6 17 X 10"%6 83 X 106 (82%)
CN 8345 125X 10% 230 X 106 161 X 10%6 112 X 10"6 (86%)
CN 8346 125X 10%6 260 X 10"6 225X 10% 55 X 106 (88%)
PBL

CN 8334 125X 10%6 120 X 10"6 85 X 10"6 72 X106

CN 7828 125X 10% 125 X 10%6 125 X 10%6 90 X 10"6

CN 7834 125X 10% 125 X 10%6 125 X 10%6 110 X 10"*6
CN 7837 125X 10% 125 X 10%6 125 X 10%6 150 X 10*6
CN 7840 125X 10% 125 X 10"6 125 X 10"6 95 X 10"6
Saline

CN 7833 Saline

Table 3: Animals and Treatments. D: Day, CN: Cynomolgus, PBL: Peripheral Blood

Leukocytes.
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Figure 5.1: Monkeys that received Vy2V62 T cells showed less bacterial
burdens in BALFs throughout the course of TB infection. PBL: Peripheral Blood

Leukocytes, CFUs: Colony Forming Units, BALF: Bronchoalveolar Lavage.
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experienced reduced weight loss (~5%) compared to those that received PBLs
over time (~15%). This suggests that infused Vy2V62 T cells might have

controlled the dissemination of MTB to extrapulmonary compartments.

4. Monkeys that received Vy2V62 T cells showed less lymphocytopenia

throughout the course of tuberculosis infection.

Lymphocytopenia, is another criterion associated with active TB. For unclear
reasons, disease severity is associated with greater depression of the total
lymphocyte numbers in blood, especially CD4 T cell counts, that would return
back to normal after therapy. Several studies suggested that MTB itself can
impact CD4 T cell homeostasis. Another reason could be the continuous
recruitment of lymphocytes to the site(s) of infection where ongoing
inflammation is taking place. Interestingly, it has been repeatedly reported that
TB patients with T cell lymphocytopenia usually have a more severe disease

which involves extra pulmonary compartments (152-155).

Looking at results from our monkeys, the group that received Vy2V62 T cells
showed reduced lymphocytopenia compared to the group that received PBLs
(Figure 5.3). This might be an indication that Vy2V62 T cells participate in

infection containment and limiting extrapulmonary dissemination.



84

1- Day post infection
-~ PBL Group

T 2::! T - 40 11T EP - Vg2Vd2 Group

Reduction in # of
Lymphocytes per ul of Blood (}{103}

Figure 5.3: Monkeys that received Vy2V62 T cells showed less
lymphocytopenia throughout the course of TB infection. PBL: Peripheral Blood

Leukocytes.
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5. Adoptively transferred Vy2V62 T cells led to reduction in pulmonary

and extra-pulmonary M. tuberculosis bacterial burdens.

We next sought to examine whether the adoptive transfer of Vy2V62 T cells
could lead to changes in bacterial burdens after pulmonary MTB infection. We
measured bacterial CFU counts in lung tissue homogenates from the right
caudal lung lobe (infection site), right middle lobe and left caudal lobe at day
56, the end point after MTB infection. The Vy2V62 treated group exhibited
significantly lower numbers of bacilli in lung tissue homogenates from the lung
lobe of infection and all other lung lobes compared to the PBL control group
(Figure 5.4 A). Same applied to extra-pulmonary tissues including liver, spleen
and kidneys (Figure 5.4 B). These findings suggest that ex vivo expanded
Vy2V62 T cells were able to recognize MTB infected cells and exerted anti TB

functions to help reduce bacterial burdens.

6. Adoptively transferred Vy2V62 T cells confer immune resistance to

tuberculosis dissemination after pulmonary M. tuberculosis infection

We then sought to determine whether the adoptive transfer of Vy2V62 T cells
would affect the extent of TB pathology/lesions in lungs after MTB infection.
We conducted complete necropsy and gross pathology examination at day 56
after infection to examine TB associated pathology and lesions in different
groups. Interestingly, Vy2V62 T cells treated macaques exhibited reduced TB
lesions in lungs compared to the PBL treated group. One of the four animals

that received Vy2V62 T cells displayed localized TB lesions confined to the right
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caudal lobe (infection site) of the lungs whereas the other 3 monkeys showed
limited dissemination to right middle and/or right cranial lobes only but not to
the left side of the lungs. In contrast, all control macaques treated with PBLs or
saline (only 1 monkey) exhibited severe/extensive caseating TB lesions and
displayed extensive coalescing granulomas in right caudal, middle, cranial
lobes and left side of the lungs. TB lesions in these control macaques were
readily disseminated to the thoracic cavity and to extrathoracic organs
including liver, spleen and kidneys. In contrast, macaques treated with Vy2V&2
T cells showed minor extrapulmonary dissemination limited to only one of the

four animals in the group.

When the gross TB pathology was evaluated in details and compared between
groups using the scoring system as we and others previously described, a
significant difference was found between groups. Results obtained in this study
are relatively similar (to a lower extent) to those obtained previously by us
when we treated TB infected macaques with HMBPP and IL-2 to expand their
Vy2V62 T cells in vivo. Gross pathology, bacterial dissemination and bacterial
burdens were significantly reduced. It is noteworthy that macaques treated
with IL-2 alone, although showed relatively reduced TB lesions, could not

effectively reduce MTB bacterial burdens compared to saline controls (84,91).

All the described above provide accumulative evidence that Vy2V82 T cells play
an important role in limiting bacterial dissemination when present in

abundance at early stages of infection.
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Figure 5.4: Adoptively transferred Vy2V62 T cells led to reduction in A)
pulmonary and B) extra-pulmonary MTB bacterial burdens. RC: Right Caudal,
RM: Right Middle, LC: Left Caudal, CFUs: Colony Forming Units, PBL: Peripheral
Blood Leukocytes.
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Figure 5.5: Monkeys that received Vy2V06 T cells showed reduced gross
pathology compared to the PBL (peripheral blood lymphocytes) group.
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Figure 5.6: Adoptively transferred Vy2V562 T cells led to reduction in TB induced pathology and
dissemination in A) pulmonary and B) extra-pulmonary (liver) compartments of infected
monkeys. PBL: Peripheral Blood Leukocytes.
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C. Final discussion, Conclusions and Future Directions:

We are the first to expand Vy2V62 T cells from macaques and adoptively
transfer them into a TB infection model. This study generated the first direct
evidence that Vy2V82 T cells confer protection against MTB and can give new

insights for the design of new vaccines against the disease.

Monkeys treated with ex vivo expanded Vy2V62 T cells showed reduced
manifestations of MTB infection compared to the those treated with PBLs.
Throughout the infection, Vy2V62 treated monkeys showed reduced weight
loss, reduced lymphocytopenia and reduced bacterial burdens in their BALFs.
In addition, at the end of the study, 2 months after infection, Vy2V62 T cells
treated monkeys showed reduced TB associated pathology/lesions both in
pulmonary and extra-pulmonary compartments. All mentioned is consistent
with reduced dissemination of MTB and is indicative of the protective role these

cells play in fighting the infection.

As detailed in Chapter 3, zoledronic acid/IL-2 driven expansion of macaque
Vy2V62 T cells resulted in a polarization of function towards the Th1l signature;
known to be essentially protective against MTB. The Majority of cells was of the
“effector” memory type; associated with high functional potentials. Cells
specifically produced IFN-y and TNF-a in response to ex vivo stimulation with
HMBPP. They showed a robust production of cytotoxic cytokines that variably
participate in killing target cells using different mechanisms. Importantly,

expanded cells were able to inhibit/kill the intracellular growth of
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mycobacteria. Furthermore, Vy2V62 T cells exclusively expressed CXCRS3,

known to drive cells to sites of IFN-y (Th1) induced inflammation.

After expansion, cells used for this experiment were all of high purity (>80%
Vy2V62). Cells were infused back into monkeys at days 3, 18 and 32 post
infection. Generally, in the course of MTB infection, the first 5 days show a
minor measurable recruitment of innate cells; especially DCs. Even later when
DCs start accumulating at the site of infection, their maturation is delayed by
the induction of a suppressive environment. Seven to nine days post infection,
mature DCs traffic out of the lung to the closest draining lymph nodes in order
to prime antigen specific T cell responses. Upon activation, T cells expand
clonally and upregulate the expression of various adhesion molecules and
chemokine receptors to drive their homing to the site of infection. Of these
chemokine receptors, CXCR3 is the most associated with protection against
MTB. T cells start homing to the lungs 18-21 days post infection where they
start their fight to control and contain the infection by completing granuloma

formation.

As explained above, expanded Vy2V62 T cells were infused back to the
monkeys in critical time points when a protective T cell response is delayed by
MTB. As shown in Chapter 4, expanded Vy2V562 T cells showed a tendency to
traffic, accumulate and highly persist in the lungs for 7 days at least in
monkeys; without the need for an inflammation driven recruitment. Whether

infused cells would specifically home to the site of infection (right caudal lobe of
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the lungs) is something that we don’t know about. However, it is worth
mentioning that researchers in the field of cancer therapy have reported that
expanded Vy2V62 T cells show an antigen driven recruitment to the tumor site,
where the phosphoantigen IPP is highly presented. Since our cells express
CXCR3, we expect them to specifically move according to the chemokine
gradient of its ligands; CXCL9, 10 and 11. How early these are secreted after
MTB infection is unknown. Still since the production of these chemokines is
induced by IFN-y, we assume them to be most concentrated at the site of
infection at the time IFN-y producing Th1 cells are trafficking and functioning
in the lungs (18-21 days post infection). Based on that, we expect that Vy2V62
T cells infused at 18 and 32 days post infection, at least, will specifically home
to the site of infection driven by their CXCR3 expression. Interestingly, as
proved recently by others, expression of CXCR3 could help cells specifically

locate to the lung parenchyma tissue where granulomas are forming.

Our assumption is that; cells of the first infusion (day 3 post infection) would
form an early supply of Thl-like functioning cells when TB specicifc T cells
would not have arrived yet. On the other hand, those infused at days 18 and

32 would be an additive supply of protective T cells.

By their specific production of IFN-y and TNF-a, infused Vy2V62 T cells could
have caused earlier recruitment of innate and adaptive T cells to the site of
infection, as both cytokines induce the production of recruiting chemokines

and adhesion molecules. In addition, infused Vy2V62 T cells could have
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enhanced phagocytosis and antigen presentation and helped killing MTB and

MTB infected cells.

Since infused cells were able to produce cytolytic/toxic granzymes, perforin
and granulysin and inhibit/kill MTB infected cells in vitro, we assume that

same happened in vivo, further contributing to the control of infection.

All in all, these early additive sources of Thl and killing cytokines can help
better control of MTB growth, earlier containment of infection by T cell

surrounded granulomas and consequently, reduced MTB dissemination.

Still, many questions are left unanswered. Very little is known about the
natural history of Vy2V62 T cells in the context of MTB infection of the lungs.
Although abundantly present in the lung mucosa and peripheral blood, when
exactly these cells start interacting with MTB infected macrophages is
unknown. Whether MTB can evade or manipulate the function of these cells
early on infection, as the case with most innate cells, is not known. In addition,
since the function of Vy2Vé62 T cells is very plastic depending on the cytokine
environment in their surrounding (detailed in the Chapter 1). Is the cytokine
milieu present very early after infection supportive of a Th1l polarization, like
the case of IL-2? The answer to this question can help determine the role these

cells play in early stages the immune response against MTB.

If these cells function secrete Th1l and killing, as CD4+ and CD8+ MTB specific

T cells do, what is their unique contribution to the immune protection against
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MTB. It would be interesting to know whether infusing CD4+ TB specific T cells

at early time points post infection, as we did here, would give similar results.

The relative importance of cell infusion timing can be revealed by more infusion
experiments. Can these cells help controlling TB reactivation from latency for
example? Answers to such questions can help design therapeutic strategies for

cases of severe TB.

Results from this thesis strongly suggest a protective role of Vy2V62 T cells in
protecting against MTB dissemination. Still, a better and supportive proof
would be achieved by depleting these cells from the body before infection. For

that, a depleting antibody needs to be generated.

Finally, how the suggestive protective role of Vy2V62 T cells against TB
dissemination concluded from this study can be translated into better vaccine

or immunotherapeutic candidates should be carefully studied.



10.

11.

12.

Cited Literature

Russell, D. G., Barry, C. E., 3rd, and Flynn, J. L. (2010) Tuberculosis: what we don't know can, and
does, hurt us. Science 328, 852-856

Cooper, A. M., Mayer-Barber, K. D., and Sher, A. (2011) Role of innate cytokines in mycobacterial
infection. Mucosal immunology 4, 252-260

Chackerian, A. A, Alt, J. M., Perera, T. V., Dascher, C. C., and Behar, S. M. (2002) Dissemination
of Mycobacterium tuberculosis is influenced by host factors and precedes the initiation of T-cell
immunity. Infect Immun 70, 4501-4509

Wolf, A. J.,, Desvignes, L., Linas, B., Banaiee, N., Tamura, T., Takatsu, K., and Ernst, J. D. (2008)
Initiation of the adaptive immune response to Mycobacterium tuberculosis depends on antigen
production in the local lymph node, not the lungs. J Exp Med 205, 105-115

Reiley, W. W., Calayag, M. D., Wittmer, S. T., Huntington, J. L., Pearl, J. E., Fountain, J. J,,
Martino, C. A., Roberts, A. D., Cooper, A. M., Winslow, G. M., and Woodland, D. L. (2008) ESAT-
6-specific CD4 T cell responses to aerosol Mycobacterium tuberculosis infection are initiated in
the mediastinal lymph nodes. Proceedings of the National Academy of Sciences of the United
States of America 105, 10961-10966

Flynn, J. L., Chan, J., and Lin, P. L. (2011) Macrophages and control of granulomatous
inflammation in tuberculosis. Mucosal immunology 4, 271-278

Horsburgh, C. R,, Jr., and Rubin, E. J. (2011) Clinical practice. Latent tuberculosis infection in the
United States. The New England journal of medicine 364, 1441-1448

Barry, C. E., Boshoff, H. I., Dartois, V., Dick, T., Ehrt, S., Flynn, J., Schnappinger, D., Wilkinson, R.
J., and Young, D. (2009) The spectrum of latent tuberculosis: rethinking the biology and
intervention strategies. Nature Reviews Microbiology 7, 845-855

Falagas, M. E., Bliziotis, I. A., Kosmidis, J., and Daikos, G. K. (2010) Unusual climatic conditions
and infectious diseases: observations made by Hippocrates. Enfermedades Infecciosas y
Microbiologia Clinica 28, 716-718

Donoghue, H. D., Lee, O. Y.-C., Minnikin, D. E., Besra, G. S., Taylor, J. H., and Spigelman, M.
(2010) Tuberculosis in Dr Granville's mummy: a molecular re-examination of the earliest known
Egyptian mummy to be scientifically examined and given a medical diagnosis. Proceedings of the
Royal Society B: Biological Sciences 277, 51-56

Comas, ., Coscolla, M., Luo, T., Borrell, S., Holt, K. E., Kato-Maeda, M., Parkhill, J., Malla, B., Berg,
S., Thwaites, G., Yeboah-Manu, D., Bothamley, G., Mei, J., Wei, L., Bentley, S., Harris, S. R.,
Niemann, S., Diel, R., Aseffa, A., Gao, Q., Young, D., and Gagneux, S. (2013) Out-of-Africa
migration and Neolithic coexpansion of Mycobacterium tuberculosis with modern humans. Nat
Genet 45, 1176-1182

Sakula, A. (1982) Robert Koch: centenary of the discovery of the tubercle bacillus, 1882. Thorax
37, 246-251

95



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

96

Ligon, B. L. (2002) Robert Koch: Nobel laureate and controversial figure in tuberculin research.
Seminars in Pediatric Infectious Diseases 13, 289-299

Raviglione, M. C., Snider, D. E., Jr., and Kochi, A. (1995) Global epidemiology of tuberculosis.
Morbidity and mortality of a worldwide epidemic. Jama 273, 220-226

Lienhardt, C., Glaziou, P., Uplekar, M., Lonnroth, K., Getahun, H., and Raviglione, M. (2012)
Global tuberculosis control: lessons learnt and future prospects. Nature reviews. Microbiology
10, 407-416

Rieder, H. L., Arnadottir, T., Trebucq, A., and Enarson, D. A. (2001) Tuberculosis treatment:
dangerous regimens? The international journal of tuberculosis and lung disease : the official
journal of the International Union against Tuberculosis and Lung Disease 5, 1-3

Gandhi, N. R., Moll, A., Sturm, A. W., Pawinski, R., Govender, T., Lalloo, U., Zeller, K., Andrews, J.,
and Friedland, G. (2006) Extensively drug-resistant tuberculosis as a cause of death in patients
co-infected with tuberculosis and HIV in a rural area of South Africa. Lancet 368, 1575-1580

Matteelli, A., Roggi, A., and Carvalho, A. C. (2014) Extensively drug-resistant tuberculosis:
epidemiology and management. Clinical epidemiology 6, 111-118

Tritar, F., Daghfous, H., Ben Saad, S., and Slim-Saidi, L. (2014) [Management of multidrug-
resistant tuberculosis.]. Revue de pneumologie clinique

Mitchison, D., and Davies, G. (2012) The chemotherapy of tuberculosis: past, present and future
[State of the art]. The International Journal of Tuberculosis and Lung Disease 16, 724-732

Vernon, A. (2013) Treatment of Latent Tuberculosis Infection. Semin Respir Crit Care Med 34,
067-086

Daley, C. L., and Caminero, J. A. (2013) Management of Multidrug Resistant Tuberculosis. Semin
Respir Crit Care Med 34, 044-059

Kumar, A., Farhana, A., Guidry, L., Saini, V., Hondalus, M., and Steyn, A. J. C. (2011) Redox
homeostasis in mycobacteria: the key to tuberculosis control? Expert Reviews in Molecular
Medicine 13, null-null

Vashishtha, V. M. (2009) WHO Global Tuberculosis Control Report 2009: Tuberculosis
elimination is a distant dream. Indian pediatrics 46, 401-402

(2010) Global tuberculosis control: key findings from the December 2009 WHO report. Releve
epidemiologique hebdomadaire / Section d'hygiene du Secretariat de la Societe des Nations =
Weekly epidemiological record / Health Section of the Secretariat of the League of Nations 85,
69-80

van Crevel, R., Ottenhoff, T. H.,, and van der Meer, J. W. (2002) Innate immunity to
Mycobacterium tuberculosis. Clinical microbiology reviews 15, 294-309



27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

97

Kang, B. K., and Schlesinger, L. S. (1998) Characterization of mannose receptor-dependent
phagocytosis mediated by Mycobacterium tuberculosis lipoarabinomannan. Infect Immun 66,
2769-2777

Blomgran, R., and Ernst, J. D. (2011) Lung neutrophils facilitate activation of naive antigen-
specific CD4+ T cells during Mycobacterium tuberculosis infection. Journal of immunology
(Baltimore, Md. : 1950) 186, 7110-7119

Wolf, A. J., Linas, B., Trevejo-Nunez, G. J., Kincaid, E., Tamura, T., Takatsu, K., and Ernst, J. D.
(2007) Mycobacterium tuberculosis infects dendritic cells with high frequency and impairs their
function in vivo. Journal of immunology (Baltimore, Md. : 1950) 179, 2509-2519

Bermudez, L. E., and Goodman, J. (1996) Mycobacterium tuberculosis invades and replicates
within type Il alveolar cells. Infect Immun 64, 1400-1406

Kundu, M., and Thompson, C. B. (2008) Autophagy: basic principles and relevance to disease.
Annual review of pathology 3, 427-455

Gutierrez, M. G., Master, S. S., Singh, S. B., Taylor, G. A., Colombo, M. I., and Deretic, V. (2004)
Autophagy is a defense mechanism inhibiting BCG and Mycobacterium tuberculosis survival in
infected macrophages. Cell 119, 753-766

Armstrong, J. A., and Hart, P. D. (1971) Response of cultured macrophages to Mycobacterium
tuberculosis, with observations on fusion of lysosomes with phagosomes. J Exp Med 134, 713-
740

Armstrong, J. A., and Hart, P. D. (1975) Phagosome-lysosome interactions in cultured
macrophages infected with virulent tubercle bacilli. Reversal of the usual nonfusion pattern and
observations on bacterial survival. J Exp Med 142, 1-16

Flynn, J. L., and Chan, J. (2003) Immune evasion by Mycobacterium tuberculosis: living with the
enemy. Current opinion in immunology 15, 450-455

Davis, J. M., and Ramakrishnan, L. (2009) The role of the granuloma in expansion and
dissemination of early tuberculous infection. Cell 136, 37-49

Miller, J. L., Velmurugan, K., Cowan, M. J., and Briken, V. (2010) The type | NADH dehydrogenase
of Mycobacterium tuberculosis counters phagosomal NOX2 activity to inhibit TNF-alpha-
mediated host cell apoptosis. PLoS pathogens 6, e1000864

Velmurugan, K., Chen, B., Miller, J. L., Azogue, S., Gurses, S., Hsu, T., Glickman, M., Jacobs, W. R,,
Jr., Porcelli, S. A., and Briken, V. (2007) Mycobacterium tuberculosis nuoG is a virulence gene
that inhibits apoptosis of infected host cells. PLoS pathogens 3, e110

Blomgran, R., Desvignes, L., Briken, V., and Ernst, J. D. (2012) Mycobacterium tuberculosis
inhibits neutrophil apoptosis, leading to delayed activation of naive CD4 T cells. Cell host &
microbe 11, 81-90



40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

98

Shaler, C. R., Horvath, C., Lai, R., and Xing, Z. (2012) Understanding Delayed T-Cell Priming, Lung
Recruitment, and Airway Luminal T-Cell Responses in Host Defense against Pulmonary
Tuberculosis. Clinical and Developmental Immunology 2012, 13

McWilliam, A. S., Nelson, D., Thomas, J. A, and Holt, P. G. (1994) Rapid dendritic cell
recruitment is a hallmark of the acute inflammatory response at mucosal surfaces. J Exp Med
179, 1331-1336

Ernst, J. D. (2012) The immunological life cycle of tuberculosis. Nat Rev Immunol 12, 581-591

Pawlowski, A., Jansson, M., Skéld, M., Rottenberg, M. E., and Kallenius, G. (2012) Tuberculosis
and HIV Co-Infection. PLoS pathogens 8, e1002464

Abebe, F. (2012) Is interferon-gamma the right marker for bacille Calmette—Guérin-induced
immune protection? The missing link in our understanding of tuberculosis immunology. Clinical
& Experimental Immunology 169, 213-219

Yao, S., Huang, D., Chen, C. Y., Halliday, L., Wang, R. C., and Chen, Z. W. (2014) CD4+ T Cells
Contain Early Extrapulmonary Tuberculosis (TB) Dissemination and Rapid TB Progression and
Sustain Multieffector Functions of CD8+ T and CD3- Lymphocytes: Mechanisms of CD4+ T Cell
Immunity. The Journal of Immunology 192, 2120-2132

Keane, J., Gershon, S., Wise, R. P., Mirabile-Levens, E., Kasznica, J., Schwieterman, W. D., Siegel,
J. N., and Braun, M. M. (2001) Tuberculosis Associated with Infliximab, a Tumor Necrosis Factor
a—Neutralizing Agent. New England Journal of Medicine 345, 1098-1104

Roach, D. R., Bean, A. G. D., Demangel, C., France, M. P., Briscoe, H., and Britton, W. J. (2002)
TNF Regulates Chemokine Induction Essential for Cell Recruitment, Granuloma Formation, and
Clearance of Mycobacterial Infection. The Journal of Immunology 168, 4620-4627

Chen, K., and Kolls, J. K. (2013) T Cell-Mediated Host Immune Defenses in the Lung. Annual
Review of Immunology 31, 605-633

Cooper, A. M. (2009) T cells in mycobacterial infection and disease. Current opinion in
immunology 21, 378-384

Flynn, J. L., Goldstein, M. M., Triebold, K. J., Koller, B., and Bloom, B. R. (1992) Major
histocompatibility complex class I-restricted T cells are required for resistance to
Mycobacterium tuberculosis infection. Proceedings of the National Academy of Sciences 89,
12013-12017

Mogues, T., Goodrich, M. E., Ryan, L., LaCourse, R., and North, R. J. (2001) The Relative
Importance of T Cell Subsets in Immunity and Immunopathology of Airborne Mycobacterium
tuberculosis Infection in Mice. The Journal of Experimental Medicine 193, 271-280

North, R. J., and Jung, Y.-J. (2004) Immunity to Tuberculosis. Annual Review of Immunology 22,
599-623



53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

99

Woodworth, J. S., Wu, Y., and Behar, S. M. (2008) Mycobacterium tuberculosis-Specific CD8+ T
Cells Require Perforin to Kill Target Cells and Provide Protection In Vivo. The Journal of
Immunology 181, 8595-8603

Behar, S. (2013) Antigen-Specific CD8+ T Cells and Protective Immunity to Tuberculosis. in The
New Paradigm of Immunity to Tuberculosis (Divangahi, M. ed.), Springer New York. pp 141-163

Riganti, C., Massaia, M., Davey, M. S., and Eberl, M. (2012) Human y& T-cell responses in
infection and immunotherapy: Common mechanisms, common mediators? European journal of
immunology 42, 1668-1676

Morita, C. T., Mariuzza, R. A., and Brenner, M. B. (2000) Antigen recognition by human gamma
delta T cells: pattern recognition by the adaptive immune system. Springer seminars in
immunopathology 22, 191-217

Hayday, A., Theodoridis, E., Ramsburg, E., and Shires, J. (2001) Intraepithelial lymphocytes:
exploring the Third Way in immunology. Nature immunology 2, 997-1003

Kabelitz, D., Glatzel, A., and Wesch, D. (2000) Antigen recognition by human gammadelta T
lymphocytes. International archives of allergy and immunology 122, 1-7

Groh, V., Steinle, A., Bauer, S., and Spies, T. (1998) Recognition of stress-induced MHC molecules
by intestinal epithelial gammadelta T cells. Science 279, 1737-1740

Mangan, B. A.,, Dunne, M. R., O'Reilly, V. P., Dunne, P. J., Exley, M. A., O'Shea, D., Scotet, E.,
Hogan, A. E., and Doherty, D. G. (2013) Cutting edge: CD1d restriction and Th1/Th2/Th17
cytokine secretion by human Vdelta3 T cells. Journal of immunology (Baltimore, Md. : 1950) 191,
30-34

Rakasz, E., MacDougall, A. V., Zayas, M. T., Helgelund, J. L., Ruckward, T. J., Hatfield, G.,
Dykhuizen, M., Mitchen, J. L., Evans, P. S., and Pauza, C. D. (2000) Gammadelta T cell receptor
repertoire in blood and colonic mucosa of rhesus macaques. Journal of medical primatology 29,
387-396

Vavassori, S., Kumar, A., Wan, G. S., Ramanjaneyulu, G. S., Cavallari, M., El Daker, S., Beddoe, T.,
Theodossis, A., Williams, N. K., Gostick, E., Price, D. A., Soudamini, D. U., Voon, K. K., Olivo, M.,
Rossjohn, J., Mori, L., and De Libero, G. (2013) Butyrophilin 3A1 binds phosphorylated antigens
and stimulates human gammadelta T cells. Nature immunology 14, 908-916

Wang, H., Henry, O., Distefano, M. D., Wang, Y. C., Raikkonen, J., Monkkonen, J., Tanaka, Y., and
Morita, C. T. (2013) Butyrophilin 3A1 plays an essential role in prenyl pyrophosphate stimulation
of human Vgamma2Vdelta2 T cells. Journal of immunology (Baltimore, Md. : 1950) 191, 1029-
1042

Dieli, F., Fadda, R., and Caccamo, N. (2014) Butyrophilin 3A1 presents phosphoantigens to
human gammadelta T cells: the fourth model of antigen presentation in the immune system.
Cellular & molecular immunology 11, 123-125



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

100

Pechhold, K., Wesch, D., Schondelmaier, S., and Kabelitz, D. (1994) Primary activation of V
gamma 9-expressing gamma delta T cells by Mycobacterium tuberculosis. Requirement for Thl-
type CD4 T cell help and inhibition by IL-10. Journal of immunology (Baltimore, Md. : 1950) 152,
4984-4992

Behr, C., Poupot, R., Peyrat, M. A., Poquet, Y., Constant, P., Dubois, P., Bonneville, M., and
Fournie, J. J. (1996) Plasmodium falciparum stimuli for human gammadelta T cells are related to
phosphorylated antigens of mycobacteria. Infect Immun 64, 2892-2896

Arigoni, D., Sagner, S., Latzel, C., Eisenreich, W., Bacher, A., and Zenk, M. H. (1997) Terpenoid
biosynthesis from 1-deoxy-D-xylulose in higher plants by intramolecular skeletal rearrangement.
Proceedings of the National Academy of Sciences of the United States of America 94, 10600-
10605

Morita, C. T., Jin, C., Sarikonda, G., and Wang, H. (2007) Nonpeptide antigens, presentation
mechanisms, and immunological memory of human Vy2V&2 T cells: discriminating friend from
foe through the recognition of prenyl pyrophosphate antigens. Immunological Reviews 215, 59-
76

Hebbeler, A., Cairo, C., Cummings, J., and Pauza, C. D. (2007) Individual Vy2-lyl.2+ T cells
respond to both isopentenyl pyrophosphate and Daudi cell stimulation: generating tumor
effectors with low molecular weight phosphoantigens. Cancer Immunology, Immunotherapy 56,
819-829

Gober, H.-J,, Kistowska, M., Angman, L., Jend, P., Mori, L., and De Libero, G. (2003) Human T Cell
Receptor y6 Cells Recognize Endogenous Mevalonate Metabolites in Tumor Cells. The Journal of
Experimental Medicine 197, 163-168

Nishio, N., Fujita, M., Tanaka, Y., Maki, H., Zhang, R., Hirosawa, T., Demachi-Okamura, A,
Uemura, Y., Taguchi, O., Takahashi, Y., Kojima, S., and Kuzushima, K. (2012) Zoledronate
Sensitizes Neuroblastoma-derived Tumor-initiating Cells to Cytolysis Mediated by Human y&6 T
Cells. Journal of Immunotherapy 35, 598-606 510.1097/CJ1.1090b1013e31826a31745a

Kim, S., lizuka, K., Aguila, H. L., Weissman, I. L., and Yokoyama, W. M. (2000) In vivo natural killer
cell activities revealed by natural killer cell-deficient mice. Proceedings of the National Academy
of Sciences of the United States of America 97, 2731-2736

Wang, H., Fang, Z., and Morita, C. T. (2010) Vy2V82 T Cell Receptor Recognition of Prenyl
Pyrophosphates Is Dependent on All CDRs. The Journal of Immunology 184, 6209-6222

Sireci, G., Espinosa, E., Sano, C. D., Dieli, F., Fournié, J.-J., and Salerno, A. (2001) Differential
activation of human y & cells by nonpeptide phosphoantigens. European journal of immunology
31, 1628-1635

Compte, E., Pontarotti, P., Collette, Y., Lopez, M., and Olive, D. (2004) Frontline: Characterization
of BT3 molecules belonging to the B7 family expressed on immune cells. European journal of
immunology 34, 2089-2099



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

101

Pang, D. J., Neves, J. F., Sumaria, N., and Pennington, D. J. (2012) Understanding the complexity
of gammadelta T-cell subsets in mouse and human. Immunology 136, 283-290

Wesch, D., Glatzel, A., and Kabelitz, D. (2001) Differentiation of resting human peripheral blood
gamma delta T cells toward Th1l- or Th2-phenotype. Cellular immunology 212, 110-117

Vermijlen, D., Ellis, P., Langford, C., Klein, A., Engel, R., Willimann, K., Jomaa, H., Hayday, A. C,,
and Eberl, M. (2007) Distinct cytokine-driven responses of activated blood gammadelta T cells:
insights into unconventional T cell pleiotropy. Journal of immunology (Baltimore, Md. : 1950)
178, 4304-4314

Bansal, R. R., Mackay, C. R., Moser, B., and Eberl, M. (2012) IL-21 enhances the potential of
human gammadelta T cells to provide B-cell help. European journal of immunology 42, 110-119

Casetti, R., Agrati, C., Wallace, M., Sacchi, A., Martini, F., Martino, A., Rinaldi, A., and Malkovsky,
M. (2009) Cutting edge: TGF-betal and IL-15 Induce FOXP3+ gammadelta regulatory T cells in
the presence of antigen stimulation. Journal of immunology (Baltimore, Md. : 1950) 183, 3574-
3577

Brandes, M., Willimann, K., and Moser, B. (2005) Professional antigen-presentation function by
human gammadelta T Cells. Science 309, 264-268

Lin, P. L., Pawar, S., Myers, A., Pegu, A., Fuhrman, C., Reinhart, T. A., Capuano, S. V., Klein, E., and
Flynn, J. L. (2006) Early Events in Mycobacterium tuberculosis Infection in Cynomolgus
Macaques. Infection and Immunity 74, 3790-3803

Ali, Z., Yan, L., Plagman, N., Reichenberg, A., Hintz, M., Jomaa, H., Villinger, F., and Chen, Z. W.
(2009) y& T Cell Immune Manipulation during Chronic Phase of Simian HIV Infection Confers
Immunological Benefits. The Journal of Immunology 183, 5407-5417

Chen, C. Y., Yao, S., Huang, D., Wei, H., Sicard, H., Zeng, G., Jomaa, H., Larsen, M. H., Jacobs, W.
R., Jr.,, Wang, R., Letvin, N., Shen, Y., Qiu, L., Shen, L., and Chen, Z. W. (2013) Phosphoantigen/IL2
expansion and differentiation of Vgamma2Vdelta2 T cells increase resistance to tuberculosis in
nonhuman primates. PLoS pathogens 9, e1003501

Braza, M. S., and Klein, B. (2013) Anti-tumour immunotherapy with Vy9V&2 T lymphocytes: from
the bench to the bedside. British Journal of Haematology 160, 123-132

Shen, Y., Zhou, D., Qiuy, L., Lai, X., Simon, M., Shen, L., Kou, Z., Wang, Q., Jiang, L., Estep, J., Hunt,
R., Clagett, M., Sehgal, P. K., Li, Y., Zeng, X., Morita, C. T., Brenner, M. B., Letvin, N. L., and Chen,
Z. W. (2002) Adaptive Immune Response of Vy2V562+ T Cells During Mycobacterial Infections.
Science 295, 2255-2258

Kobayashi, H., Tanaka, Y., Yagi, J., Minato, N., and Tanabe, K. (2011) Phase I/l study of adoptive
transfer of gammadelta T cells in combination with zoledronic acid and IL-2 to patients with
advanced renal cell carcinoma. Cancer immunology, immunotherapy : Cll 60, 1075-1084

Nakajima, J., Murakawa, T., Fukami, T., Goto, S., Kaneko, T., Yoshida, Y., Takamoto, S., and
Kakimi, K. (2010) A phase | study of adoptive immunotherapy for recurrent non-small-cell lung



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102

cancer patients with autologous gammadelta T cells. European journal of cardio-thoracic surgery
: official journal of the European Association for Cardio-thoracic Surgery 37, 1191-1197

Nicol, A. J., Tokuyama, H., Mattarollo, S. R., Hagi, T., Suzuki, K., Yokokawa, K., and Nieda, M.
(2011) Clinical evaluation of autologous gamma delta T cell-based immunotherapy for
metastatic solid tumours. British journal of cancer 105, 778-786

Chen, Z. W. (2011) Immune biology of Ag-specific gammadelta T cells in infections. Cellular and
molecular life sciences : CMLS 68, 2409-2417

Chen, C. Y., Huang, D., Yao, S., Halliday, L., Zeng, G., Wang, R. C., and Chen, Z. W. (2012) IL-2
Simultaneously Expands Foxp3+ T Regulatory and T Effector Cells and Confers Resistance to
Severe Tuberculosis (TB): Implicative Treg—T Effector Cooperation in Immunity to TB. The Journal
of Immunology 188, 4278-4288

Kondo, M., Izumi, T., Fujieda, N., Kondo, A., Morishita, T., Matsushita, H., and Kakimi, K. (2011)
Expansion of Human Peripheral Blood &gamma;&delta; T Cells using Zoledronate. e3182

Eberl, M., Hintz, M., Reichenberg, A., Kollas, A. K., Wiesner, J., and Jomaa, H. (2003) Microbial
isoprenoid biosynthesis and human gammadelta T cell activation. FEBS letters 544, 4-10

Frencher, J. T., Shen, H., Yan, L., Wilson, J. O., Freitag, N. E., Rizzo, A. N., Chen, C. Y., and Chen, Z.
W. (2014) HMBPP-deficient Listeria mutant immunization alters pulmonary/systemic responses,
effector functions, and memory polarization of Vy2V562 T cells. Journal of Leukocyte Biology

Schmetterer, K. G., Neunkirchner, A., and Pickl, W. F. (2012) Naturally occurring regulatory T
cells: markers, mechanisms, and manipulation. The FASEB Journal 26, 2253-2276

Patel, V. A, Lee, D. J., Feng, L., Antoni, A., Lieberthal, W., Schwartz, J. H., Rauch, J., Ucker, D. S.,
and Levine, J. S. (2010) Recognition of Apoptotic Cells by Epithelial Cells: CONSERVED VERSUS
TISSUE-SPECIFIC SIGNALING RESPONSES. Journal of Biological Chemistry 285, 1829-1840

Dieli, F., Poccia, F., Lipp, M., Sireci, G., Caccamo, N., Di Sano, C., and Salerno, A. (2003)
Differentiation of Effector/Memory V62 T Cells and Migratory Routes in Lymph Nodes or
Inflammatory Sites. The Journal of Experimental Medicine 198, 391-397

Jamieson, T., Clarke, M., Steele, C. W., Samuel, M. S., Neumann, J., Jung, A., Huels, D., Olson, M.
F., Das, S., Nibbs, R. J. B., and Sansom, O. J. (2012) Inhibition of CXCR2 profoundly suppresses
inflammation-driven and spontaneous tumorigenesis. The Journal of clinical investigation 122,
3127-3144

Schmitt, N., Bentebibel, S.-E., and Ueno, H. Phenotype and functions of memory Tfh cells in
human blood. Trends in Immunology 35, 436-442

Wedepohl, S., Beceren-Braun, F., Riese, S., Buscher, K., Enders, S., Bernhard, G., Kilian, K.,
Blanchard, V., Dernedde, J., and Tauber, R. (2012) I-Selectin — A dynamic regulator of leukocyte
migration. European Journal of Cell Biology 91, 257-264



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

103

Groom, J. R,, and Luster, A. D. (2011) CXCR3 ligands: redundant, collaborative and antagonistic
functions. Immunol Cell Biol 89, 207-215

Sakai, S., Kauffman, K. D., Schenkel, J. M., McBerry, C. C., Mayer-Barber, K. D., Masopust, D., and
Barber, D. L. (2014) Cutting Edge: Control of Mycobacterium tuberculosis Infection by a Subset
of Lung Parenchyma—Homing CD4 T Cells. The Journal of Immunology 192, 2965-2969

Lindestam Arlehamn, C. S., and Sette, A. (2014) Definition of CD4 immunosignatures associated
with MTB. Frontiers in Immunology 5

Saha, P. K., Sharma, P. K., Sharma, S. K., Singh, A., and Mitra, D. K. (2013) Recruitment of Thl
effector cells in human tuberculosis: Hierarchy of chemokine receptor(s) and their ligands.
Cytokine 63, 43-51

Lu, C.-C., Wu, T.-S., Hsu, Y.-J., Chang, C.-),, Lin, C.-S., Chia, J.-H., Wu, T.-L., Huang, T.-T., Martel, J.,
Ojcius, D. M., Young, J. D., and Lai, H.-C. (2014) NK cells kill mycobacteria directly by releasing
perforin and granulysin. Journal of Leukocyte Biology

Arias, Maykel A., Jiménez de Baglies, Maria P., Aguild, N., Menao, S., Hervas-Stubbs, S.,
de Martino, A., Alcaraz, A., Simon, Markus M., Froelich, Christopher J., and Pardo, J. (2014)
Elucidating Sources and Roles of Granzymes A and B during Bacterial Infection and Sepsis. Cell
Reports 8, 420-429

Wolint, P., Betts, M. R., Koup, R. A.,, and Oxenius, A. (2004) Immediate cytotoxicity but not
degranulation distinguishes effector and memory subsets of CD8+ T cells. J Exp Med 199, 925-
936

Barber, D. L., Wherry, E. J., and Ahmed, R. (2003) Cutting Edge: Rapid In Vivo Killing by Memory
CD8 T Cells. The Journal of Immunology 171, 27-31

Wang, E., Zhang, Q., Liu, X., Zhang, T., Zhang, X., Zhao, L., Long, F., and Liu, Z.-k. The dual-
functional capability of cytokine-induced killer cells and application in tumor immunology.
Human Immunology

Kleinnijenhuis, J., Oosting, M., Joosten, L. A. B., Netea, M. G., and Van Crevel, R. (2011) Innate

Immune Recognition of Mycobacterium tuberculosis. Clinical and Developmental Immunology
2011

Spencer, C. T., Abate, G., Sakala, I. G., Xia, M., Truscott, S. M., Eickhoff, C. S., Linn, R., Blazevic, A.,
Metkar, S. S., Peng, G., Froelich, C. J.,, and Hoft, D. F. (2013) Granzyme A Produced by
y<sub>9</sub>6<sub>2</sub> T Cells Induces Human Macrophages to Inhibit Growth of an
Intracellular Pathogen. PLoS pathogens 9, e1003119

Sicard, H., Ingoure, S., Luciani, B., Serraz, C., Fournié, J.-J., Bonneville, M., Tiollier, J., and
Romagné, F. (2005) In Vivo Immunomanipulation of Vy9Vé2 T Cells with a Synthetic
Phosphoantigen in a Preclinical Nonhuman Primate Model. The Journal of Immunology 175,
5471-5480



113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

104

Tough, D. F.,, and Sprent, J. (1998) Lifespan of y/& T Cells. The Journal of Experimental Medicine
187, 357-365

Dudley, M. E., Wunderlich, J. R., Robbins, P. F., Yang, J. C., Hwu, P., Schwartzentruber, D. J,,
Topalian, S. L., Sherry, R., Restifo, N. P., Hubicki, A. M., Robinson, M. R., Raffeld, M., Duray, P.,
Seipp, C. A., Rogers-Freezer, L., Morton, K. E., Mavroukakis, S. A., White, D. E., and Rosenberg, S.
A. (2002) Cancer regression and autoimmunity in patients after clonal repopulation with
antitumor lymphocytes. Science 298, 850-854

Gattinoni, L., Finkelstein, S. E., Klebanoff, C. A., Antony, P. A,, Palmer, D. C., Spiess, P. J., Hwang,
L. N., Yu, Z., Wrzesinski, C., Heimann, D. M., Surh, C. D., Rosenberg, S. A., and Restifo, N. P.
(2005) Removal of homeostatic cytokine sinks by lymphodepletion enhances the efficacy of
adoptively transferred tumor-specific CD8+ T cells. The Journal of Experimental Medicine 202,
907-912

Dudley, M. E., Wunderlich, J. R., Yang, J. C., Sherry, R. M., Topalian, S. L., Restifo, N. P., Royal, R.
E., Kammula, U., White, D. E., Mavroukakis, S. A., Rogers, L. J., Gracia, G. J., Jones, S. A,,
Mangiameli, D. P., Pelletier, M. M., Gea-Banacloche, J., Robinson, M. R., Berman, D. M., Filie, A.
C., Abati, A., and Rosenberg, S. A. (2005) Adoptive Cell Transfer Therapy Following Non-
Myeloablative but Lymphodepleting Chemotherapy for the Treatment of Patients With
Refractory Metastatic Melanoma. Journal of Clinical Oncology 23, 2346-2357

Izumi, T., Kondo, M., Takahashi, T., Fujieda, N., Kondo, A., Tamura, N., Murakawa, T., Nakajima,
J., Matsushita, H., and Kakimi, K. (2013) Ex vivo characterization of gammadelta T-cell repertoire
in patients after adoptive transfer of Vgamma9Vdelta2 T cells expressing the interleukin-2
receptor beta-chain and the common gamma-chain. Cytotherapy 15, 481-491

Beck, B. H., Kim, H. G., Kim, H., Samuel, S., Liu, Z., Shrestha, R., Haines, H., Zinn, K., and Lopez, R.
D. (2010) Adoptively transferred ex vivo expanded gammadelta-T cells mediate in vivo
antitumor activity in preclinical mouse models of breast cancer. Breast cancer research and
treatment 122, 135-144

Buccheri, S., Guggino, G., Caccamo, N., Li Donni, P., and Dieli, F. (2014) Efficacy and safety of
gammadeltaT cell-based tumor immunotherapy: a meta-analysis. Journal of biological regulators
and homeostatic agents 28, 81-90

Tu, W., Zheng, J,, Liu, Y., Sia, S. F., Liu, M., Qin, G., Ng, I. H., Xiang, Z., Lam, K. T., Peiris, J. S., and
Lau, Y. L. (2011) The aminobisphosphonate pamidronate controls influenza pathogenesis by
expanding a gammadelta T cell population in humanized mice. J Exp Med 208, 1511-1522

Li, P., Zhang, R., Sun, H., Chen, L., Liu, F., Yao, C., Du, M., and Jiang, X. (2013) PKH26 can transfer
to host cells in vitro and vivo. Stem cells and development 22, 340-344

Schrepfer, S., Deuse, T., Reichenspurner, H., Fischbein, M. P., Robbins, R. C., and Pelletier, M. P.
(2007) Stem Cell Transplantation: The Lung Barrier. Transplantation Proceedings 39, 573-576

Minang, J. T., Trivett, M. T., Bolton, D. L., Trubey, C. M., Estes, J. D., Li, Y., Smedley, J., Pung, R.,
Rosati, M., Jalah, R., Pavlakis, G. N., Felber, B. K., Piatak, M., Jr., Roederer, M., Lifson, J. D., Ott,
D. E., and Ohlen, C. (2010) Distribution, persistence, and efficacy of adoptively transferred



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

105

central and effector memory-derived autologous simian immunodeficiency virus-specific CD8+ T
cell clones in rhesus macaques during acute infection. Journal of immunology (Baltimore, Md. :
1950) 184, 315-326

Bolton, D. L., Minang, J. T., Trivett, M. T., Song, K., Tuscher, J. J., Li, Y., Piatak, M., Jr., O'Connor,
D., Lifson, J. D., Roederer, M., and Ohlen, C. (2010) Trafficking, persistence, and activation state
of adoptively transferred allogeneic and autologous Simian Immunodeficiency Virus-specific
CD8(+) T cell clones during acute and chronic infection of rhesus macaques. Journal of
immunology (Baltimore, Md. : 1950) 184, 303-314

Basse, P., Herberman, R. B., Nannmark, U., Johansson, B. R., Hokland, M., Wasserman, K., and
Goldfarb, R. H. (1991) Accumulation of adoptively transferred adherent, lymphokine-activated
killer cells in murine metastases. J Exp Med 174, 479-488

Basse, P. H., Herberman, R. B., Hokland, M. E., and Goldfarb, R. H. (1992) Tissue distribution of
adoptively transferred adherent LAK cells: role of the route of administration. Natural immunity
11, 193-202

Dixon, A. E., Mandac, J. B., Martin, P. J., Hackman, R. C., Madtes, D. K., and Clark, J. G. (2000)
Adherence of adoptively transferred alloreactive Thl cells in lung: partial dependence on LFA-1
and ICAM-1. American journal of physiology. Lung cellular and molecular physiology 279, L583-
591

Thatte, J., Dabak, V., Williams, M. B., Braciale, T. J., and Ley, K. (2003) LFA-1 is required for
retention of effector CD8 T cells in mouse lungs. Blood 101, 4916-4922

Ratner, S., Wei, W. Z., Oliver, J., and Oliver, J. (2005) Enhancement of T cell localization in
mammary tumors through transient inhibition of T cell myosin function. Cellular immunology
233,1-10

Sasaki, A., Jain, R. K., Maghazachi, A. A., Goldfarb, R. H., and Herberman, R. B. (1989) Low
deformability of lymphokine-activated killer cells as a possible determinant of in vivo
distribution. Cancer research 49, 3742-3746

Greene, J. M., Burwitz, B. J., Blasky, A. J., Mattila, T. L., Hong, J. J., Rakasz, E. G., Wiseman, R. W.,
Hasenkrug, K. J., Skinner, P. J.,, O'Connor, S. L., and O'Connor, D. H. (2008) Allogeneic
lymphocytes persist and traffic in feral MHC-matched mauritian cynomolgus macaques. PloS one
3, 2384

Wells, C. D., Cegielski, J. P., Nelson, L. J., Laserson, K. F., Holtz, T. H., Finlay, A., Castro, K. G., and
Weyer, K. (2007) HIV Infection and Multidrug-Resistant Tuberculosis—The Perfect Storm.
Journal of Infectious Diseases 196, S86-S107

Lawn, S. D., and Zumla, A. I. (2011) Tuberculosis. The Lancet 378, 57-72

Colditz, G. A., Brewer, T. F., Berkey, C. S., and et al. (1994) Efficacy of bcg vaccine in the
prevention of tuberculosis: Meta-analysis of the published literature. JAMA 271, 698-702



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

106

Kaufmann, S. H. E., and Gengenbacher, M. (2012) Recombinant live vaccine candidates against
tuberculosis. Current Opinion in Biotechnology 23, 900-907

RODRIGUES, L. C., DIWAN, V. K., and WHEELER, J. G. (1993) Protective Effect of BCG against
Tuberculous Meningitis and Miliary Tuberculosis: A Meta-Analysis. International Journal of
Epidemiology 22, 1154-1158

Trunz, B. B., Fine, P. E. M., and Dye, C. (2006) Effect of BCG vaccination on childhood
tuberculous meningitis and miliary tuberculosis worldwide: a meta-analysis and assessment of
cost-effectiveness. The Lancet 367, 1173-1180

Yuk, J.-M., and Jo, E.-K. (2014) Host immune responses to mycobacterial antigens and their
implications for the development of a vaccine to control tuberculosis. Clin Exp Vaccine Res 3,
155-167

Bonneville, M., O'Brien, R. L., and Born, W. K. (2010) Gammadelta T cell effector functions: a
blend of innate programming and acquired plasticity. Nat Rev Immunol 10, 467-478

Davey, M. S, Lin, C. Y., Roberts, G. W., Heuston, S., Brown, A. C., Chess, J. A., Toleman, M. A,,
Gahan, C. G., Hill, C., Parish, T., Williams, J. D., Davies, S. J., Johnson, D. W., Topley, N., Moser, B.,
and Eberl, M. (2011) Human neutrophil clearance of bacterial pathogens triggers anti-microbial
gammadelta T cell responses in early infection. PLoS pathogens 7, e1002040

Meraviglia, S., Caccamo, N., Salerno, A., Sireci, G., and Dieli, F. (2010) Partial and ineffective
activation of V. gamma 9V delta 2 T cells by Mycobacterium tuberculosis-infected dendritic cells.
Journal of immunology (Baltimore, Md. : 1950) 185, 1770-1776

Fournie, J. J., Mullins, R. J., and Basten, A. (1991) Isolation and structural characteristics of a
monoclonal antibody-defined cross-reactive phospholipid antigen from Mycobacterium
tuberculosis and Mycobacterium leprae. The Journal of biological chemistry 266, 1211-1219

Wei, H., Huang, D., Lai, X., Chen, M., Zhong, W., Wang, R., and Chen, Z. W. (2008) Definition of
APC presentation of phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate to
Vgamma2Vdelta 2 TCR. Journal of immunology (Baltimore, Md. : 1950) 181, 4798-4806

Huang, D., Chen, C. Y., Ali, Z,, Shao, L., Shen, L., Lockman, H. A., Barnewall, R. E., Sabourin, C.,
Eestep, J., Reichenberg, A., Hintz, M., Jomaa, H., Wang, R., and Chen, Z. W. (2009) Antigen-
specific Vy2V62 T effector cells confer homeostatic protection against pneumonic plaque
lesions. Proceedings of the National Academy of Sciences 106, 7553-7558

Gong, G., Shao, L., Wang, Y., Chen, C. Y., Huang, D., Yao, S., Zhan, X,, Sicard, H., Wang, R., and
Chen, Z. W. (2009) Phosphoantigen-activated Vy2V52 T cells antagonize IL-2—induced
CD4+CD25+Foxp3+ T regulatory cells in mycobacterial infection,

Ali, Z., Shao, L., Halliday, L., Reichenberg, A., Hintz, M., Jomaa, H., and Chen, Z. W. (2007)
Prolonged (E)-4-Hydroxy-3-Methyl-But-2-Enyl  Pyrophosphate-Driven  Antimicrobial and
Cytotoxic Responses of Pulmonary and Systemic Vy2V62 T Cells in Macaques. The Journal of
Immunology 179, 8287-8296



147.

148.

149.

150.

151.

152.

153.

154.

155.

107

Flynn, J. L., Capuano, S. V., Croix, D., Pawar, S., Myers, A, Zinovik, A., and Klein, E. (2003) Non-
human primates: a model for tuberculosis research. Tuberculosis (Edinburgh, Scotland) 83, 116-
118

Walsh, G. P, Tan, E. V., dela Cruz, E. C., Abalos, R. M., Villahermosa, L. G., Young, L. J., Cellona, R.
V., Nazareno, J. B., and Horwitz, M. A. (1996) The Philippine cynomolgus monkey (Macaca
fasicularis) provides a new nonhuman primate model of tuberculosis that resembles human
disease. Nat Med 2, 430-436

Nahallage, C. D., and Huffman, M. (2013) Macaque—Human Interactions in Past and Present-Day
Sri Lanka. in The Macaque Connection (Radhakrishna, S., Huffman, M. A., and Sinha, A. eds.),
Springer New York. pp 135-148

Chen, C. Y., Huang, D., Wang, R. C,, Shen, L., Zeng, G., Yao, S., Shen, Y., Halliday, L., Fortman, J.,
McAllister, M., Estep, J., Hunt, R., Vasconcelos, D., Du, G., Porcelli, S. A., Larsen, M. H., Jacobs,
W. R, Jr., Haynes, B. F., Letvin, N. L., and Chen, Z. W. (2009) A critical role for CD8 T cells in a
nonhuman primate model of tuberculosis. PLoS pathogens 5, 1000392

Sia, I. G., and Wieland, M. L. Current Concepts in the Management of Tuberculosis. Mayo Clinic
Proceedings 86, 348-361

Kony, S. J., Hane, A. A., Larouzé, B., Samb, A., Cissoko, S., Sow, P. S., Sané, M., Maynart, M.,
Diouf, G., Murray, J. F., and the, S. R. G. (2000) Tuberculosis-associated Severe CD4+ T-
Lymphocytopenia in HIV-Seronegative Patients from Dakar. Journal of Infection 41, 167-171

Mhmoud, N. A., Fahal, A. H., and van de Sande, W. W. J. (2012) CD4+ T-lymphocytopenia in HIV-
negative tuberculosis patients in Sudan. Journal of Infection 65, 370-372

Jones, B. E., Oo, M. M., Taikwel, E. K., Qian, D., Kumar, A., Maslow, E. R., and Barnes, P. F. (1997)
CD4 Cell Counts in Human Immunodeficiency Virus—Negative Patients with Tuberculosis.
Clinical Infectious Diseases 24, 988-991

Skogmar, S., Schon, T., Balcha, T. T., Jemal, Z. H., Tibesso, G., Bjork, J., and Bjorkman, P. (2013)
CD4 Cell Levels during Treatment for Tuberculosis (TB) in Ethiopian Adults and Clinical Markers
Associated with CD4 Lymphocytopenia. PloS one 8, €83270



108



109
Appendix A

U I UNIVERSITY OF ILLINOIS
AT CHICAGO

Office of Animal Care and
Institutional Biosafety Commitiees {MC 672)
Office of the Viee Chancellor for Research

December 6, 2013 206 Administeative Office Building
1737 West Polk Street

Zheng Chen Chicage, Ilinots 60612-7227

Mictobiology & Immunology

M/C 790

Diear Dir, 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 8/2002013. The profocol was
not initiated wntil final clavifications were reviewed and approved on 11/2172013. The
protocol is approved for a peried of 3 years with annual continuation.

Title of Application: The Role of Gamma/Delta (Vgamma2Vdelta2) T Cells in Immunity
ACC Number: 13-128

Condition of Initiation: Radiation portion of the study cannot be initiated until all protocol staff
that will be involved with husbandry during this portion of the study have completed both
standard husbandry fraining and radiation hazard husbandry training.

Imitial Approval Period: 11/21/2013 to 8/20/2014

Currvent Funding: Portions of this protocol ave supported by the funding sources indicared i

the table below.
Number of funding sources: 1

Funding Agency Funding Title Portion of
Proposal
- Matched
NIH FL-27Treg Based Immunity to TE and AIDS Related T8 Other
| Linked with 13-
f05, 13-122,
and 13-129
Funding Number Current Status UIC PAF NO. | Performance | Funding P1
Site
ROJ HLOGIFA0 (vears 12- | Funded 201001989 | UIC Zheng Chen
16)

This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of
Laboratory Animal Welfare (OLAW), 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
funding proposal are matched to this ACC protocol.

Phone (312) 996-1972 + Fax (312) 9909088 = www rescarch,uic.edu




In addition, all investigators are responsible for ensuring compliance with all federal and
institutional pelicies and regulations related to use of animals under this protocol and the funding
sources listed on this protocol. Please use OLAW's “What Investigaiors Need to Know aboud the
Use of Animals™ (htps//prants nih gov/grants/olaw/InvestigatorsNeed ZKnow. pdf) as a reference
guide, Thank you for complying with the Animal Care Policies and Procedures of UIC.

Sincerely yours,

sl
h:.h_{k“\_-x‘

Bradley Merrill, PhD

Chair, Animal Care Committee

BM/mbb
ce: BRL, ACC File, Arwa Qaqish

110



111
Appendix B
Dear Ms Qagish,

Thank you for completing the online form and for interest in WHO
health informations products.

On behalf of the World Health Organization, we are pleased to
authorize your request to reproduce the WHO item detailed in the

form below.

World : Estimated TB incidence rates, 2013Global Tuberculosis
Report 2014

This permission is subject to the following conditions:

* This is a non-exclusive permission to reproduce the
material detailed below.
* Please ensure that the original WHO source is

appropriately acknowledged with the appropriate bibliographical
reference including publication title, author,publisher,
volume/edition number, page numbers, copyright notice year and
the URL reference and the date accessed. Suggested example
below.

* The material will be reproduced as it was published by WHO
and no changes should be made to the content or meaning.
Publishers may reformat the material in the style of the

publication.

* The use of WHO materials should be factual and used in an
appropriate context;

* The material should not be reproduced for use in

association with product marketing or promotional activities. In
no event should the WHO information products be used in
promotional materials eg products brochures, or company-
sponsored web sites, annual reports, or other publications for
distribution to, and/or non-educational presentations for,
either the general public, or pharmacists, doctors, nurses, etc.
* There should be no suggestion that WHO endorses any specific
company or products in the article, book etc or in the manner of
distribution of the article,book etc.

* The WHO logo and emblem shall not be reproduced.

All reasonable precautions have been taken by the World Health
Organization to verify the information contained in its
published material. However, the published material is being
distributed without warranty of any kind, either expressed or
implied, and you are entirely responsible for reproducing and
displaying the material in your publication. In no event shall



112

the World Health Organization be liable for damages arising from
its use.

WHO reserves the right to withdraw the permission in the event a
condition is not respected

WHO will not charge a fee for the above permission, however we
would be grateful if you could send one copy of the final
product for our records, showing where/how WHO material appears
and how it is referenced on your product addressed to:

Ms Dolores Campanario

World Health Organization Press

WHO Press WHP (Permissions Management)

20 Avenue Appia, Office 4152

CH-1211 Geneve 27, Switzerland
campanariod@who.int<mailto:campanariod@who.int>

We thank you for your interest in WHO Information products and
we wish you all the
best with your project.

Kind regards.

Ms Dolores Campanario

World Health Organization Press - (Permissions Management,
Licensing and Reprint
Rights)

Department of Knowledge, Ethics and Research

20 Avenue Appia, Office: 4152, CH-1211 Geneve 27, Switzerland
Tel: +41 22 791 24 83 - Fax: +41 22 791 4857 - E-mail:
campanariod@who.int<mailto:campanariod@who.int>



https://webmail.uic.edu/src/compose.php?send_to=campanariod%40who.int
https://webmail.uic.edu/src/compose.php?send_to=campanariod@who.int
https://webmail.uic.edu/src/compose.php?send_to=campanariod%40who.int
https://webmail.uic.edu/src/compose.php?send_to=campanariod@who.int

Appendix C

Rightslink Printable License

CAMBRIDGE UNIVERSITY PRESS LICENSE

TERMS AND CONDITIONS
MNov 11, 2014

Ths & a License Agreement between Arwa Qaqsh ("You") and Cambridge Unmersity Press
{"Cambridge Unmversity Press”) provided by Copyright Clearance Center ("CCC"). The lcense
conststs of your order details, the terms and conditions provided by Cambridge Untversity Press,
and the payvment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number
License date
Licensed content publisher

Licensed content
publication

Licenszed content title

Licensed content author

Licensed content date
Volume number

Issue number

Type of Use

Requestor type

Portion

Order reference number
Territory for reuse

Title of your thesis /
dissertation

Expected completion date
Estimated size(pages)
Billing Type

Billing address

TAX (0.00%)
Total

3506000135072
Nov 11, 2014
Cambridge University Press

Expert Reviews in Molecular Medicine

Redox homeostasis in mycobacteria: the key to tuberculosis
control?

Ashwani Kumar, Aisha Farhana, Loni Guidry, Vikram Saini, Mary
Hondalus and Adrie 1.C. Steyn

Dec 16, 2011

13

-1
Dissertation/Thesis
Mot-for-profit

Full article

Mone

Morth America Only

Adoptively Transferred W2W82 T cells Protect against the
Dissemination of M. tuberculosis in Macagques

Dec 2014

120

Invoice

2335 W Harrison St
Apt 1

CHICAGO, IL 60612
United States

0.00 UsD

0.00 UsSD

113




114
Appendix D

Rightslink Printable License

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Nov 10, 2014

This 1s a License Agreement between Arwa Qaqish ("You") and Joln Wiley and Sons ("John
Wiley and Sons") provided by Copyright Clearance Center ("CCC"). The license consists of your
order details, the terms and conditions provided by Jolm Wiley and Sons, and the payment terms
and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number 3505510453570

License date Nov 10, 2014

Licensed content publisher John Wiley and Sons

Licensed content European Journal of Immunology

publication

Licensed content title Human yd T-cell responses in infection and immunotherapy:
Common mechanisms, common mediators?

Licensed copyright line © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Licensed content author Chiara Riganti,Massimo Massaia,Martin S. Davey,Matthias Eberl

Licensed content date Jul 17, 2012

Start page 1668

End page 1676

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1
Original Wiley figure/table Figure 2

number(s)

Will you be translating? No

Title of your thesis / Adoptively Transferred Vy2V32 T cells Protect against the
dissertation Dissemination of M. tuberculosis in Macaques

Expected completion date Dec 2014

Expected size (number of 120
pages)

Total 0.00 USD




115
Appendix E

RUP Permissions

THE ROCKEFELLER
UNIVERSITY

PRESS

Q@UALITY AND INTEGRITY

Permissions and Licensing

Rockefeller University Press Home = Fermissions

Itis the mission of The Rockefeller University Press to promote widespread reuse and distribution of the articles and
data we publish. In this spirit, authors retain copyright to their own work and can reuse it for any purpose as long as
proper attribution is provided. Third parties mayuse our published materials under a Creative Commons Attribution-
Noncommercial-Share Alike 3.0 Unported License sixmonths after publication. Within the first sixmonths, the same
conditions for reuse apply, except we prohibit the creation of mirror sites. Commercial reuse must be requested as
described below and will incur a fee.

We encourage you to read more about our permission policies and the Creative Commons License terms:

* You wrote it; you own itl (Hill and Rossner, 2008)
+ RUP Copyright Policy

Requesting Permission Licensing

Please read below to determine if you must obtain permission for your specific reuse.

Original author reuse (commercial and noncommercial)

Ownership of copyright remains with RUP authors, who may reuse their own material forany purpose, including
commercial profit, as long as they provide proper attribution. The permission does not extend to the institution.

» Note that our preferred citation style is as follows:

+ ©AUTHOR etal_, YEAR. Originally published in JOURNAL NAME. doi ##8###44
» |fan article does not carry a doi, our preferred citation style is as follows:

+ ©®AUTHOR etal., YEAR. Originally published in JOURNAL NAME. VOL:PP—PP.

Noncommercial third-party reuse

Third parties may reuse our content for noncommercial purposes without specific permission as long as they provide
proper attribution (see citation preferences provided above). Within the first 6 months after publication, the creation of
mirror sites is prohibited.

Commercial third-party reuse

Commercial publishers, profit-based companies, as well as third-party authors publishing in a commercial journal or
book mustobtain permission to reuse RUP material. In most cases, this permission will incur a fee. Uses include, for
example, use of a figure in a commercial journal article or book, posting ofimages on a manufacturers website,
inclusion of content in marketing materials, etc. The RUP acknowledges that text or data mining by commercial entities
for their internal research purposes is allowed without further permission from RUP. Commercial entities may develop
indexing or search services—available to the public for free or for a fee—based on text or data mining without further




permission from RUP, but they may reproduce only snippets of text up to 156 characters in length, or thumbnails of
images up to 72 pixels in the long direction, as part of such a senvice.

How to obtain permission

Permission for commercial reuse can be obtained by emailing the following information to Suzanne O'Donnell,
Permissions Director, at permissions@rockefeller.edu:

* Your name, institution, and title

* Your complete mailing address, email address, phone number, and fax number
* Adescription of the content you wish to reuse:

* Journal or book title

» Article fitle

* Authors’ names

* ‘olume number, issue date, page numbers (provide all that apply)

s Specific figure numbers or portion of text (or supply a photocopy)

* |nclude the following information about your intended reuse:

* Type of work in which our material will be used (e.g., book, joumnal, newsletter, etc.)
* Title of work in which RUP material will appear

* Title of article/chapter (if applicable)

* Author(s)/editor(s)

* Expected publication date

* Publishing company

* Retail price (for books only)

* Printrun (for books only)

* Indicate if there will be ancillaries published simultaneous to the print (DVD, website, CD-ROM, etc.). Will ancillaries
be sold separately?

* |Intended audience for the work

* |fyou wish to reprint the material online, please include the following:

* Your website’'s URL

* Website's sponsoring organization/company

* Description of the purpose and nature of your website

* Description of the website’s visitors (customers, scholars, professors, etc.)

* Whether the site is open to the public or access Is restricted

Educational use

No permission is required to reuse RUP material for noncommercial purposes in course packs, classroom handouts,
or electronic classroom presentations. If the educational material will be offered for sale, please follow the instructions
above for Commercial third-party reuse.

Reprints

Commercial reprints are available by special order. Please contact Suzanne O'Donnell at permissions@rockefeller.edu
to request pricing information. Please supply the full article citation (author, year, vol, pp) and the number of reprints you

would like to order.

116




117

VITA

Arwa Mahmoud Qaqish

Education:

M. Sc. in Biology awarded by The Department of Biological Sciences- Yarmouk

University-Irbid-Jordan. (2001/2002).

B.Sc. in Biology awarded by The Department of Biological Sciences-Yarmouk

University-Irbid-Jordan. (1998 /1999).

Research and Teaching Experiences:

January 1999 - April 2003 (Full time) / April 2003 until now (Part Time): Senior

Research Assistant in the Immunoparasitology Laboratory- Yarmouk University.

February 2002 - July 2002: Part-time teaching assistant in the Department of
Applied Biological Sciences and Biotechnology at the Jordanian University of Science

and Technology-Irbid-Jordan. Teaching of the basic immunology laboratory course.

April 2003 - September 2003: Teaching assistant in the Department of Biological
Sciences at the Jordanian University-Amman-Jordan. Teaching of the invertebrate

zoology and basic immunology laboratory courses.

September 2003 - Nowadays: Teaching assistant in the Biology and Biotechnology
Programs in the Department of Biological Sciences at Yarmouk University-Irbid-
Jordan. Teaching of the general biology, invertebrate zoology, basic microbiology, basic
immunology, basic molecular biology, basic biotechnology, advanced immunology,
advanced molecular biology, advanced genetics, advanced biotechnology and cell

culture laboratory courses.



118

Publications and Conferences:

Qagish, AM, Nasrieh, MA, Al-Qaoud, KM, Craig, PS, Abdel-Hafez, SK. The
seroprevalences of cystic echinococcosis, and the associated risk factors, in rural-
agricultural, bedouin and semi-bedouin communities in Jordan. Ann Trop Med

Parasitol (2003); 97(5):511-20.

The Third Conference in Medical & Biological Sciences. April 2004. Faculty of Applied
Sciences-Zarka Private University-Zarka-Jordan. Oral Presentation: Immunoglobulin

G Subclass Analysis for the Serodiagnosis of Cystic Echinococcosis.

Boutennoune H, Qaqish A, Al-Aghbar M, Abdel-Hafez S, Al-Qaoud K. Induction of T
helper 1 response by immunization of BALB/c mice with the gene encoding the second
subunit of Echinococcus granulosus antigen B (EgAgB8/2). Parasite (2012); 19(2):183-
8.

oth International Gamma Delta T cell Conference. May 2014. University of Illinois at
Chicago. Oral Presentation: Adoptively transferred Vy2V62 T cells confer immune

protection against tuberculosis (TB) in Mycobacterium tuberculosis-infected macaques.

Awards:

Fulbright Scholarship supporting higher education as part of cultural exchange.
2009-2012.



