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Abstract

Abstract

Despite coordinated global activities supported by the WHO, lymphatic filariasis
remains a large public health problem in many parts of the world. One important
reason for this is the lack of treatment options available for the ~40 million people
who suffer from chronic pathology (lymphedema or hydrocele), most of whom live
in already poor communities in sub-Saharan Africa. Lymphatic filariasis is typi-
cally found in rural, hard to reach areas which can make it difficult for researchers
to preserve samples from infected individuals. Because of this, we developed a
novel whole blood flow cytometry method to minimize the amount of blood re-
quired (over the standard method), which maintains the integrity of extracellular
markers, and eliminates the need for a -80°C freezer. This method was thor-
oughly tested and implemented in ongoing clinical trials in rural Ghanaian and
Tanzanian field laboratories; our aim was to investigate immunological alterations
in patients with lymphatic filariasis pathology as compared to those asymptomat-
ically infected and control individuals, particularly regarding CD4* T cell activation
and CD8* T cell exhaustion. We saw an increase of immune activation — defined
by HLADR/CD38 expression on CD4* T cells — in lymphedema individuals as
compared to filarial infected individuals without pathology as well as uninfected
individuals from the same area. In addition, for the first time, we observed an
increase of activation corresponding to lymphedema stage in samples from both
Tanzania and Ghana. We next investigated the role of exhausted CD8* T cells in
W. bancrofti infections by looking at a number of markers associated with exhaus-
tion on both whole blood and PBMC samples since cells would be expected to
proceed through activation to exhaustion with constant antigen exposure. Inter-
estingly, we found that the cells from lymphedema patients displayed altered ex-
pression on exhausted CD8* T cell subsets when compared to uninfected con-
trols and asymptomatic W. bancrofti infections. Also notable is that the asympto-
matic W. bancrofti-infected individuals showed comparable results to the control
samples in all of the markers examined. This thesis enhances the knowledge on
the immune response of individuals to both asymptomatic W. bancrofti infections
as well as the chronic pathology disease state through the development of a novel
field method and flow cytometric analysis. This knowledge might help to prevent
debilitating manifestations in filarial infected individuals in the future.
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Introduction

1. Introduction

1.1 Helminths

Helminth infections encompass a broad range of diseases caused by parasitic
worms (helminths) — these range from nematodes (roundworms) causing lym-
phatic filariasis and onchocerciasis to platyhelminths (flatworms) causing schis-
tosomiasis and cysticercosis (1). These helminths can be transmitted in a number
of ways including the fecal-oral route, skin penetration through infected water or
soil, or mosquito transmission (2). Helminths are so prevalent that they currently
infect approximately 1/3 of the world’s population (1, 3). Many helminth infections,
such as schistosomiasis and lymphatic filariasis (LF), are classified as neglected
tropical diseases (NTD) since they disproportionately affect poorer populations
and are overshadowed by diseases such as malaria and tuberculosis (4, 5). Typ-
ically, NTDs do not cause death but rather lead to lifelong disabilities (e.g. blind-
ness, elephantiasis, anemia and fatigue) or to a lower quality of life (e.g. missing

school or work, social stigma).

1.1.1 Epidemiology and geographical distribution of lymphatic filariasis

LF is a helminth infection caused by either Wuchereria bancrofti (W. bancrofti),
which is responsible for ~90% of LF infections, or one of the Brugia species (only
in Asia) (6). LF affects approximately 65-68 million people residing in 73 countries
worldwide (7-9). A majority of those infected maintain asymptomatic infections;
for the rest (~40 million), the lymphatic system is impaired which leads to chronic
pathology from hydrocele or lymphedema (LE), sometimes referred to as ele-
phantiasis due to the large amount of swelling and change in the appearance of
the skin (8, 10). Countries endemic for LF are primarily located in sub-Saharan
Africa, south-east Asia, South America, and some islands in the Caribbean (Fig-
ure 1) (11). Since W. bancrofti is spread through a variety of mosquito species -
including Anopheles, Culex, Aedes, and Mansonia depending on the region - ar-

eas which are endemic for LF tend to be tropical or subtropical (11).
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Figure 1: Geographic distribution of lymphatic filariasis.
Source: World Health Organization 2020

1.1.2 W. bancrofti life cycle

While W. bancrofti can be transmitted by a variety of mosquitos, the life cycle
remains the same throughout all of them. LF is a two host disease; W. bancrofti
proceeds through half of its life cycle in one of the above-mentioned mosquito
hosts and is then transmitted to a human host through the mosquito blood meal
(Figure 2). The life cycle involves several stages which begins with microfilariae
(MF) entering the mosquito during a blood meal, losing the sheath in the mos-
quito’s stomach, and migrating through the midgut to the thoracic muscles where
it begins to develop into the first-stage larvae. Over time it continues to grow and
molts twice before it develops into the infective L3 larvae stage (18-23 pum diam-
eter and 1.5 mm long); at this point the larvae make their way to the mosquito’s
head and proboscis where it is able to be transmitted to the human host when
the mosquito feeds. The L3 larvae migrates to the lymphatics of the human host
where they can molt and develop into adult worms over a 5-18 month period.
These adult worms can live and reproduce the sheathed MF (7.5-10 um wide and
244-296 um long) anywhere from 5-10 years. These MF typically live 6-24 months
and will move throughout the lymphatic vessels and bloodstream over that time
(12). The MF are released into the bloodstream with nocturnal periodicity, where
they can be taken up by the mosquito again during a blood meal to continue the

life cycle as before (13).
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Figure 2: Life cycle of Wuchereria bancrofti.
Source: CDC 2020

1.1.3 International goals of MDA treatment

While there is no approved medication for those already suffering from the
chronic pathology of LE or hydrocele, there are mass drug administration (MDA)
programs in place in many countries to reduce the spread of LF. According to the
Global Alliance to Eliminate Lymphatic Filariasis (GAELF), the purpose of MDA
treatment is to treat entire areas with combinations of Ivermectin (IVM) plus Al-
bendazole (ALB) and/or Diethylcarbamazine (DEC) in order to interrupt MF trans-
mission to a point where it is no longer a threat for mosquitos to uptake the MF
and further transmit them to other individuals (9, 15, 16). The World Health Or-
ganization (WHO) recommends that public health campaigns treat endemic ar-
eas for 5-7 years in order to achieve treatment for at least 65% of the population
(17). The rates of transmission are assessed with transmission assessment sur-
veys (TAS) which periodically assess and evaluate when this threshold has been
reached in endemic areas. This is done with a combination of mapping activities,

MDA treatment, and post MDA surveillance (Figure 3).
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Figure 3: Timeline for mass drug administration treatment programs.
Source: Rebollo et al. 2013. Reproduced with permission from RightsLink®/Elsevier, obtained on
09 June 2021.

A worldwide task force called the Global Programme to Eliminate Lymphatic Fil-
ariasis (GPELF) was created by the WHO in 2000 whose purpose is to use sys-
tematic MDA treatment in order to disrupt transmission of LF and ease the suf-
fering of those who are already affected (16). Figure 4 shows how widespread
treatment in endemic areas has already greatly reduced the burden of disease
from 2000-2018 in sub-Saharan Africa (18). As of 2019, there were only 3 en-
demic countries who have not started MDA programs at all and 16 countries who
have been able to declare they are no longer endemic for LF due to the MDA
programs, as is seen in Figure 5 (9). There still remain about 893 million people
in 49 countries who are at risk of becoming infected with W. bancrofti (6).

11
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Figure 4: Endemic regions for lymphatic filariasis assessed before and after start of MDA pro-
grams from 2000-2018.

Source: Local Burden of Disease 2019 Neglected Tropical Diseases Collaborators. Reproduced
with permission from RightsLink®/Elsevier, obtained on 09 June 2021.
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Figure 5: MDA status for endemic countries against lymphatic filariasis (2019).
Source: WHO 2019

1.1.4 Treatment of W. bancrofti

The main drugs used in the MDA programs mentioned above are combinations
of IVM plus ALB and/or DEC which are effective against the W. bancrofti MF

12
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rather than the adult worms. IVM works to paralyze the MF by blocking the gluta-
mate-gated chloride channels (19). Once this happens, the MF are moved to re-
gional lymph nodes where they are quickly killed through effector cells. In addi-
tion, it is suspected IVM also prevents reproduction by the adult females by par-
alyzing the pharynx which deprives the worm of iron, thus inhibiting growth and
reproduction (19). The role that ALB plays is not as clear as that of IVM; it may
not have a direct effect on the MF, but it seems to play an important role in differ-
ent gastrointestinal helminths which improves the overall situation (20). DEC is a
drug known to be effective in other human filarial infections (e.g. hookworm, as-
cariasis) and can affect the parasites at many different stages during the life cy-
cle, however the mechanism by which it works in LF is not yet known (19, 21). In
areas co-endemic for onchocerciasis, DEC is not used since it can cause severe
side effects (22). Combinations of these 3 drugs has thus far proven effective in
killing the MF but not in killing the worm, which is why ongoing MDA treatment is

needed over many years (19, 23).

One macrofilaricidal drug that has been tested for a number of years is Doxycy-
cline, which acts rather on the endosymbiont Wolbachia, crucial for the survival
of many filarial worms, including W. bancrofti (24, 25). This therapy requires treat-
ment for only ~6 weeks with the drug as an alternative to the 5-7 years of MDA
in the above-mentioned therapies. Additionally, Doxycycline has been shown to
reduce the stage of mild to moderate LE cases, regardless of if they have an
ongoing infection (26). While results with Doxycycline have been promising, the
drug is not recommended in children or pregnant women, limiting its universal

use.

1.1.5 Testing for W. bancrofti

There are a number of ways to test a person when filarial LF is suspected: Directly
observing MF in the blood (Giemsa blood smear, membrane filtration), antigen
testing (Filariasis Test Strip, TropBio Og4C3 ELISA), or by using polymerase
chain reaction (PCR) to test for filarial deoxyribonucleic acid (DNA) (27-29).

The Giemsa blood smear is a versatile method that has been employed for the
identification of many malaria and blood parasites (30) and has been long used
as a field method for identifying LF MF (31). With the use of Giemsa stain blood

13
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smears, it is possible to differentiate between W. bancrofti and other filarial infec-
tions which could also be endemic in the area (e.g. Mansonella species). The
Giemsa blood smear can also be paired with membrane filtration in order to de-
termine the concentration of filaria in a blood sample (31). However, these meth-
ods can be difficult to perform due to the nocturnal periodicity of the MF, meaning
they are only active and visible when night-blood is taken (29). The method can
also miss individuals who have low numbers of MF which could lead to underdi-

agnoses of these areas (28).

Antigen tests work through detection of the circulating filarial antigen (CFA) that
is released from the adult worm into the blood of the human host, meaning the
blood to be used can be taken at any time (not subject to nocturnal periodicity)
(27). Weill and colleagues developed a successful antigen test in 1984 which was
more sensitive than the blood smears, but not practical to use for public health
purposes (32). The first new test that was used for public health campaigns was
the ICT Filariasis Test; it was first developed in 1997 before being bought by
Binax, Inc. (Portland, ME) and becoming the BinaxNOW® Filariasis card test in
2000 (33). This test was widely used in MDA programs throughout the world.
Commonly used antigen tests today include the Alere Filariasis Test Strip (FTS)
(previously BinaxNOW® Filariasis card test) or the enzyme-linked immuno-
sorbent assay (ELISA) TropBio Og4C3 test (referred to hereafter as TropBio)
(Figure 6).

Antigen tests have become widespread due to their ease of use, non-invasive
techniques, availability, and the higher sensitivity levels as compared to micro-
scope MF detection (28, 34). The FTS test has even been promoted by the WHO
to be used as an indicator for when to stop widespread MDA treatment in areas
as part of the GPELF (35). The TropBio is not as quick or easy to use so it cannot
be used as a field method; however, quantitative results can be obtained (36).
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Figure 6: Use of the Alere Filariasis Test Strip in the field and the TropBio ELISA assay in the
laboratory.

Source: Inge Kroidl. Pictures were obtained from the LEDoxy trial (ISRCTN14042737) within the
TAKeOFF project funded by Federal Ministry of Education and Research (BMBF) and Health
Africa project.

1.1.6 Morbidity management

As previously mentioned, about 2/3 of people infected with LF remain asympto-
matic, with the rest developing disfiguring hydrocele or LE. The Dreyer scale (37)
is commonly used to classify the progression of LE cases. Patients are examined
and given a number (1-7 with 1 being the lowest) based on qualification criteria
including appearance of skin, amount of swelling, and presence of mossy lesions
(Figure 7). In stage 1, the swelling of the limb is reversible overnight and is only
present during the day. Stage 2 includes swelling that is present throughout the
day and night. Stage 3 progresses to include shallow skin folds and the patients
are more prone to have acute attacks. In stage 4, patients also have knobs on
the skin. Stage 5 includes deep skin folds in the affected limbs and they experi-
ence acute attacks more often. In stage 6, patients experience mossy lesions and
have many entry lesions. Stage 7 is the highest stage and occurs when the pa-

tient is no longer able to take care of themselves and perform any daily activities.
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Figure 7: Representative leg lymphedema stages 1-6 based on the Dreyer scale for lymphedema
classification.

Source: Leonard Masagati. Pictures were obtained from the LEDoxy trial ISRCTN14042737)
within the TAKeOFF project funded by Federal Ministry of Education and Research (BMBF) and
Health Africa project.

One of the reasons LF remains such a large public health burden today, despite
the fact that there are large MDA campaigns to reduce transmission and spread,
is due to the fact that there is no widespread medication to help individuals once
they have LE (apart from preliminary data on Doxycycline). Campaigns teach in-
dividuals correct hygiene practices and remind them to wear shoes to help with
infections. These activities can help relieve suffering but do not result in long term
reduction of LE pathology. Those suffering can also experience acute dermato-
lymphangioadenitis attacks (ADLA), caused by secondary fungal and bacterial
infections that enter through lesions in the skin (associated more often with higher
stages of LE). ADLA can then lead to accelerated progression of LE development
(38-40). Antibiotics can be used to help treat the bacterial infections which in turn

reduces the inflammation (41).

1.1.7 Social stigma

Not only do these individuals suffer from potentially debilitating pathology, but it
can also lead to social stigma and discrimination, mental health problems, diffi-
culties performing daily tasks, and higher rates of poverty (6, 42, 43). Quality of

life is greatly affected by the amount of stigmatization these individuals feel which
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varies based on the visibility of the disease (44). Women in particular suffer great
difficulties when searching for a spouse, leading to extra burdens on their families

along with fear and anxiety for the women themselves (45, 46).

1.2 Immune response to pathogens

The immune system provides protection against any foreign invaders, including
viruses, bacteria, foreign tissues or cells, or parasites (such as helminths). In or-
der to achieve this, a complex interplay between all components of the immune
system is required to discern between the body’s own “self’ cells and tissues from
other harmful “non-self’ products (47, 48). The initial response comes from the
innate immune system and is later supported by the adaptive immune system;
these two systems work together via signaling molecules (e.g. cytokines) to pro-

vide protection (49).

1.2.1 Immune evasion

Helminths and humans have been coevolving over millions of years in order to
find ways to exist together; by relying on a variety of imnmune evasion tactics (e.g.
downregulating the host’s immune system), helminths are able to prevent expul-
sion from the host before reproduction and proliferation (50). Chronic helminth
infections result in immune responses that often allow for a continuation of infec-
tion rather than parasite expulsion which could cause sever pathology for the
host. The downregulation of the host’s immune system can have a variety of other
consequences, including lower levels of autoimmune diseases or reduced aller-
gies due to the host having a diminished ability to develop “over-active” immunity
(Figure 8) (51-54).
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Figure 8: Interactions between the helminth and the immune system of the host can have a variety
of other effects.

Source: Sanya et al 2017. Reproduced with permission from RightsLink®/Elsevier, obtained on
11 June 2021.

1.2.2 Immune response to W. bancrofti

Individuals infected with W. bancrofti can display a variety of infection statuses
and clinical manifestations, including infected MF-negative, infected MF-positive
(both asymptomatic), or chronic pathology (hydrocele or LE). Many uninfected
individuals (endemic normal) also reside in these filarial endemic areas where
they are constantly exposed to W. bancrofti but do not develop any of the above
mentioned infection statuses. It has been suggested that those asymptomatic in-
dividuals have a distinct immunoregulatory environment which allows for the per-
sistence of the MF within the host through downregulation of the immune re-
sponse (50, 55, 56). The typical immune response of asymptomatic individuals is
characterized by increased expression of regulatory molecules such as interleu-
kin-10 (IL-10), TGF-B, and cytotoxic T Lymphocyte antigen 4 (CTLA-4), along
with the increase in regulatory T and B cells, dampening of the Th1l immune re-
sponse (e.g. inflammatory cytokine IFNy), and an induction of the Th2 response
(e.g. IL-4, IL-5, IL-9, IL-10, IL-13) (50, 57-62). T cells are crucial for eliminating
filarial infections; studies in mice have shown that those lacking T cells are vul-
nerable to infections with the Brugia parasites (63, 64). The combination of all of

the immune responses ensure MF can survive long-term in the human host as
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well as preventing the onset of chronic pathology. Individuals who suffer from
chronic pathology, often after the parasite is no longer present within the body,
display different immunological patterns (Figure 9). They tend to have sup-
pressed expression of regulatory T cells (Tregs), elevated numbers of cells typi-
cal in the Thl and Th17 response, constant immune activation, and increased
pro-inflammatory responses (50, 61, 62, 65).
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/ TNF-a
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severe pathology

Figure 9: Characteristic immune responses seen in filarial infections.
Source: Babu and Nutman 2012. Reproduced with permission from RightsLink®/Elsevier, ob-
tained on 11 June 2021.

1.2.3 CD4* T cell activation

Large areas of the world which are endemic for LF have also been largely af-
fected by the human immunodeficiency virus (HIV) epidemic (66), particularly in
sub-Saharan Africa. While there are a number of factors contributing to this over-
lap, one suggested hypothesis is that infections, in particular helminth infections,
lead to increased systemic immune activation in infected individuals. These hel-
minth infections in turn lead to an increased Th2 response, leading to an overall
increase in susceptibility to HIV infection (67-70). Chronic immune activation,
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along with immunodeficiency, is a prominent feature in the progression of HIV-1
disease; it has been shown since 1990 that an increase in the expression of var-
ious activation markers is associated with disease progression (71-73). These
activated CD4* T cells are often important for HIV replication and can even be
reservoirs for HIV. It has also been shown that those individuals who display
lower levels of immune activation are less susceptible to HIV infection (14, 74-
77).

Also reported is that individuals with other helminth infections - Schistosoma man-
soni, Trichuris trichiura, or Ascaris lumbricoides — display higher levels of acti-
vated CD8* and CD4* T cells than those uninfected with any of the helminths that
were tested for (78). While not tested for in the aforementioned study, W. ban-
crofti infection was later found to lead to an increased susceptibility to HIV, pos-
sibly due to the higher levels of immune activation in the filarial infected individu-
als that helped disseminate the virus early on (79). Indeed, cross-sectional stud-
ies have shown that the prevalence of HIV positive individuals was greater in
those infected with W. bancrofti as compared to non-filarial infected individuals
(80).

HLADR, a MHC class Il antigen presenting cell, and CD38, a transmembrane
glycoprotein, are used either alone or in combination to characterize activation
on CD4* and CD8* T cells in helminth infections (78). Cells expressing HLADR
alone are found within memory populations, while cells expressing CD38 alone
are found within the naive populations in both CD4* and CD8* T cells. However,
CD4* or CD8* T cells expressing the combination of HLADR*/CD38* were almost
entirely found on the memory populations. In both helminth infections in general
and W. bancrofti specific infections, studies have reported increased levels of
HLADR*/CD38* CD4* T cells among helminth infected individuals (78, 79).

1.2.4 CDS8* T cell exhaustion

In order to sufficiently control helminth infections, there needs to be a cooperation
between various cell types, including B and T cell populations (81-83). In partic-
ular, CD8* T cells are very important in recognizing and subsequently eliminating
various intracellular pathogens. CD8* T cells have been well-studied in other
chronic diseases (e.g. HIV, hepatitis C, cancer) but there is a lack of information
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available on the role of CD8* T cells in filarial infections, specifically W. bancrofti
(84-86). One such cell type which is hypothesized to play a role in filarial infec-

tions is the exhausted CD8* T cell subset.

Exhausted CD8" T cells are a distinct subset of cells from the effector and
memory CD8" T cells, as can be seen in Figure 10. This subset of cells occurs
when there is persistent and continuous antigen exposure and chronic inflamma-
tion which causes the cells to be in a state of constant activation, leading to ex-
haustion. Wherry has very succinctly defined the term T cell exhaustion as a state
of differentiation with several typical features including step-wise losing effector
functions, inhibitory receptors being simultaneously co-expressed, changed ex-
pression of transcription factors, and the failure of cells to proceed to quiescence
(84-87). This hierarchical process typically begins with the loss of IL-2 production,
followed by TNF-q, and in the late stages of exhaustion, IFN-y (83, 85, 88). The
late stages of exhaustion (after loss of TNF-a and IFN-y) are typically associated

with failures in controlling pathogens (85, 88).
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Figure 10: Exhausted T cell progression.
Source: Wherry and Kurachi 2015. Reproduced with permission from
RightsLink®/Elsevier, obtained on 09 June 2021.

Studies performed in mouse models show the importance of two transcription

factors - T-box transcription factor (Tbet) and Eomesodermin (Eomes) - for
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memory formation (89-92). Tbet is important in the regulation of effector functions
and has been shown to be downregulated in CD8* T cells during chronic infec-
tions; this downregulation is then associated with T cell dysfunction (93). On the
other hand, Eomes plays a role in regulating proteins within the memory CD8* T
cell populations and was shown to be upregulated during chronic lymphocytic
choriomeningitis virus (LCMV) infections within the exhausted CD8* T cells (93).
While these transcription factors have different functional roles, the ratio between
these two has been used to further examine the exhausted CD8* T cell subset
(89).

Along with Thet and Eomes, a number of phenotypic markers have also been
used to characterize the CD8* T cell exhausted populations; these include pro-
grammed cell-death 1 (PD-1), lymphocyte activation gene 3 (LAG-3), killer cell
lectin-like receptor subfamily G member 1 (KLRG-1), CD39, T cell immunoglobu-
lin and mucin-domain containing-3 (Tim-3), and IL-10. Many have been shown to
be upregulated in response to chronic viral infections, as well as having helminth

infection associated immune responses (83, 94-96).

1.3 Field work in resource-limited settings

While field tests for filariasis can be challenging, so too can many laboratory pro-
cedures in resource-limited settings. These laboratories often lack the required
specialized equipment (e.g. freezers, centrifuges, safety cabinets, Laminar flow),
and if the equipment is present, it can undergo quicker wear and tear due to var-
ying weather conditions (e.g. humidity), as well as frequent power supply short-
ages (97, 98). A typical procedure in a field setting is to collect peripheral blood
mononuclear cells (PBMC) which are then transported to a more equipped lab
for later flow cytometry (FC) processing (100-103). However, it is a far from ideal
situation; there can be power cuts during the long centrifugation step, limited stor-
age options available after the PBMCs are isolated, and the procedure itself is
rather expensive and time-consuming (97, 103). One additional factor to take into
consideration is the large blood draw required to isolate a sufficient number of

PBMCs, making this procedure difficult to be performed on infants and pregnant
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women (104-106). Furthermore, participants are not always willing to provide
such large blood draws due to cultural beliefs (104).

Another option is to employ the use of whole blood procedures, which utilize
smaller amounts of blood than PBMCs. These methods can work well for some
markers (e.g. CD3, CD4); however they also use lysing and fixation steps which
include paraformaldehyde. This can potentially change the epitope of some cell
markers and become problematic for later extracellular staining (107-109). Pre-
vious studies have tested multiple whole blood fixation and cryopreservation
methods in order to identify T cell, B cell, and natural killer cell subsets but have
stopped short of identifying markers relevant for many research activities (110).

1.4 Objective

The aim of the work presented here is to better characterize and add to the
knowledge of what is known about activation and exhaustion within W. bancrofti

infected individuals along with those suffering from chronic LE pathology.

This was done by developing a novel flow cytometry field method to solve the
problem of using flow cytometry for cell characterization in resource-poor set-
tings. This method was then used in ongoing studies and clinical trials to examine
a number of markers associated with activation and exhaustion within individuals
presenting leg lymphedema, W. bancrofti-infected individuals, and endemic nor-
mal control individuals. The findings presented add to the general knowledge sur-
rounding LF which can help guide the medical professionals providing advice and

treatment for this infection.
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2. Material and Methods

2.1 Study design and protocol testing

The whole blood method presented was tested using healthy control volunteers
from participants residing in Munich, Germany. Both genders were sampled and

volunteers came from different ethnic backgrounds.

For the field study data, samples were taken from two regions as part of an on-
going TAKeOFF-LEDoxy clinical trial (111): The Upper East Region of Ghana
and the Lindi Region of Tanzania. Additional samples were collected in Ghana
during screening and recruitment for a DFG funded project (RHINO). These stud-
ies have gained ethical approval from the National Institute for Medical Research
(NIMR) in Dar es Salaam, Tanzania (NIMR/HQ/R.8a/Vol.IX/2693), Kwame NKkru-
mah University of Science and Technology (KNUST) in Kumasi, Ghana
(CHRPE/AP/144/20, GHS-ERC-007/97/2017), the Division of Infectious Dis-
eases and Tropical Medicine at Ludwig-Maximilians-Universitat in Munich, Ger-
many (18-377, 17-858), and the Institute of Medical Microbiology, Immunology,
and Parasitology (IMMIP) at the University Hospital Bonn, Germany (Lfd. Nr.
041/18, 359/17). Prior to participating in the study, all individuals provided written

informed consent.

2.1.1 Study population and parasitic assessments

For the LE patrticipants in the LEDoxy study, leg stage was defined and classified
according to the Dreyer staging protocol (37) from stage 1-7, as described above.
In the next data presented, we also recruited participants who were classified as
either endemic normal (EN) or W. bancrofti-infected (Wb-inf.) in addition to the
LE participants in order to further examine the markers of activation and exhaus-
tion. The EN and Wb-infected cohorts were tested for the presence of CFA; first
in the field with the FTS (previously Alere, now Abbott Laboratories, Chicago,
USA) and later using stored samples with the TropBio ELISA (Cellabs, Brookvale,

Australia). The EN group was defined as being negative for both the tests, had

24



Material and Methods

no indications of LE pathology, and had been living in the study area for a mini-
mum of 5 years. The Wb-infected group was positive for both of the tests but also
had no indications of LE pathology. Appendix A shows the descriptive statistics

for each of these cohorts.

2.2 Whole blood flow cytometry panel design

The design of the flow cytometry panel used in all whole blood methods pre-
sented here included a number of initial steps: First, titration testing was done to
find the appropriate concentrations of all antibodies, next compensation controls
were used in order to control for spectral overlap, and finally fluorescence minus
one (FMO) controls were performed to ensure accurate gating. After these initial
steps were completed, 2 separate FC panels were developed which included 7
and 9 extra- and intracellular antibodies, respectively. Appendix B shows all an-

tibodies, clones, and companies which were used in the whole blood method.

2.2.1 Whole blood method field sample processing and extracellular

staining

For the whole blood method, sample processing began with collection of 10 mL
of venous blood in sodium heparin tubes (Sarstedt, Numbrecht, Germany). Blood
was processed immediately during establishment of the method. However, in the
field laboratories in Ghana and Tanzania, blood was collected in a remote loca-
tion before storage and transportation in cool boxes to the field laboratory. Blood

was then processed within 8 hours of sample collection time.

100 pL of whole blood (per FC panel) was put into a separate tube for processing.
Next, the extracellular antibodies were added to each tube before incubating for
30 minutes at room temperature: Panel 1 included Integrin subunit CD4-PerCp-
Cy5.5 (Invitrogen, Carlsbad, USA, OKT4), b7-PE (Biolegend, San Diego, USA,
clone FIB27), CD38-APC (Biolegend, San Diego, USA, HIT2), HLA-DR-PeCy7
(Invitrogen, Carlsbad, USA, LN3), CD45RA-Bv421 (Biolegend, San Diego, USA,
HI100), and CD27-APC-H7 (BD Biosciences, San Jose, USA, M-T271) while
panel 2 included CD4-PerCp-Cy5.5 (Invitrogen, Carlsbad, USA, OKT4),
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CD45RA-Bv421 (Biolegend, San Diego, USA, HI100), CD195 (CCR5)-APC (Mil-
tenyi Biotech, Bergisch Gladbach, Germany, REA245), CD25-Bv605 (Biolegend,
San Diego, USA, BC96), and CD8-V500 (BD Biosciences, San Jose, USA, RPA-
T8). Then, 1x BD FACS™ lysing solution (BD Biosciences, San Jose, USA) was
added to each of the tubes and incubated for 10 minutes at room temperature,
with 2 brief vortexes during the incubation to further mix the samples. Following
the lysis was a 5 minute room temperature centrifugation at 600g before 37.5 uL
100% Fetal Calf Serum (FCS, Sigma-Aldrich, Munich, Germany) was added to
each tube. Finally, 250 pL of pre-chilled freezing media (12% Dimethyl Sulfox-
ide/FCS, both from Sigma-Aldrich, Munich, Germany) was slowly added to each
tube and then the cells were transferred to Cryotubes (Thermo Scientific, Wal-
tham, USA) for further storage. These tubes were first put into a StrataCooler
Cryo Preservation Module (Agilent Technologies, Santa Clara USA) for 24 hours
at -20°C. After this time, the cells were then taken out of the StrataCooler and
placed directly into the liquid nitrogen gas phase for 24 additional hours. Finally,
they were transferred to the liquid nitrogen liquid phase for long-term storage and
transportation to a laboratory containing a 13-channel CytoFLEX (Beckman Coul-
ter, Brea, USA).

2.2.2 Intracellular staining and image acquisition

After the cryopreserved samples were transported, they were first placed into a
37°C water bath for ~30 seconds, or until they had started to thaw slightly but not
completely. Next, 2.5 mL of pre-warmed thawing media (RPMI 1640 Medium Glu-
taMAX supplement (Invitrogen, Carlsbad, USA) with 10% FCS (Sigma-Aldrich,
Munich, Germany), 1% Penicillin-Streptomycin (Sigma-Aldrich, Munich, Ger-
many), and 0.2 uL/mL Benzonase® Nuclease (25 U/uL, Merck Millipore, Kenil-
worth, USA)) was slowly added to the cells. Samples were then transferred into
new 5 mL flow cytometry tubes, centrifuged for 5 minutes at 400g, and again
washed with 2.5 mL pre-warmed thawing media with an additional centrifugation
as above. Then, 37.5 pL FCS was added to the tube followed by 1 mL of an
eBioscience™ Fixation/Permeabilization Concentrate and Diluent solution (Invi-
trogen, Carlsbad, USA, diluted 1:4). The cells were incubated at room tempera-

ture for 25 minutes before another centrifugation for 5 minutes at 600g. Following
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the centrifugation, 2 mL of 1x eBioscience™ Permeabilization Buffer (Invitrogen)
was added and the centrifugation was repeated. Following this, the intracellular
antibodies were added and cells were incubated for 30 minutes at room temper-
ature: Both panels included CD3-ECD (Beckman Coulter, Brea, USA, UCHT1)
with panel 2 also including Tbet-PE (eBioscience, Frankfurt, Germany,
eBio4B10), FoxP3-AF488 (Biolegend, San Diego, USA, 259D), and Eomes-
PeCy7 (Invitrogen, Carlsbad, USA, WD1928). Next, again 2 mL of 1x eBiosci-
ence™ Permeabilization Buffer was added and centrifuged as above, before fi-
nally adding 200 pL of 1x BD CellFIX (BD Biosciences) to each tube. Cells were
then acquired on the 13-channel CytoFLEX machine.

2.2.3 Live/dead parameter analysis

The protocol listed above was used in all participant samples in Ghana and Tan-
zania, along with all initial testing protocols. However, these samples did not in-
clude a live/dead parameter which was further tested in whole blood from (n=4)
healthy controls. The FC panel for testing was as follows: CD4-PerCp-Cy5.5 (Invi-
trogen, Carlsbad, USA, OKT4), CD3-ECD (Beckman Coulter, Brea, USA,
UCHT1), CD38-APC (Biolegend, San Diego, USA, HIT2), HLA-DR-PeCy7 (eBi-
oscience, Frankfurt, Germany, LN3), and a LIVE/DEAD™ Fixable Agua Dead
Cell Stain Kit (Invitrogen, Carlsbad, USA).

2.2.4 PBMC flow cytometry panel and protocol

To prepare the PBMCs, EDTA tubes of venous blood were taken and transported
cooled (4-8°C) to the field laboratory. The PBMCs were then promptly isolated
upon arrival in the laboratory. First, 7 mL EDTA blood was transferred to a 50 mL
Leucosep tube containing Ficoll (Greiner Bio-One, Frickenhausen, Germany).
Following a 20 minute centrifugation at 800g without a brake, the cell layers were
carefully removed. They were then washed twice with sterile PBS and centrifuged
for 8 minutes at 400g. Next, the cells were resuspended in RPMI 1640 medium
(PAA, Linz, Austria) that was supplemented with 10% FCS (PAA) and 50 pg/mL
gentamicin (PAA) followed by counting the cells with trypan blue (Sigma-Aldrich,
Munich, Germany). Cells were then cryopreserved and transported in liquid nitro-

gen to any lab containing a CytoFLEX, as mentioned above. In this case, the cells
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were taken to a laboratory in Germany where they were thawed in a 37°C water
bath and washed twice with RPMI 1640 medium supplemented with 10% FCS,
gentamicin, penicillin/streptomycin (all 50 pg/mL) and L-glutamine (292.3 pg/mL)
(Sigma-Aldrich). Cells were then permeabilized with the FoxP3 Fixation/Perme-
abilization kit (Thermo Fisher Scientific). Next, all of the following intracellular an-
tibodies were added to and incubated at 4°C for 20 minutes: CD39-BV 510 (clone
TU66), CD8-BUV395 (clone HIT8a), CD4-BUV661 (clone SK3) (all obtained from
BD™ Biosciences), IL-10-PE (JES3-9D7), IFN-g-FITC (clone 4S.B3), Eomes-
PE-eFluor 610 (clone WD1928), TNF-a-APC (clone Mab11), Tbet-PE-Cy7 (clone
4B10), LAG-3-eFluor 450 (clone 3DS223H), PD-1-APC-eFluor 780 (clone
eB0J105), KLRG-1-PerCP-eFluor 710 (clone 13F12F2), CD127-AF700 (clone
eBioRDR5), and Tim-3-Super Bright 600 (clone F38-2E2). The cells were subse-
qguently washed with the permeabilization buffer before being resuspended in 100
pL PBS. Thermo Fisher Scientific (Life Technologies Corporation, Grand Island,

USA) supplied all media, reagents, and antibodies unless otherwise specified.

2.2.5 Acquisition and analysis

All samples were acquired on the 13-channel CytoFLEX, as mentioned previ-
ously. Prior to sample acquisition, compensation was performed with the Ver-
saComp Antibody Capture Beads (Beckman Coulter). Parameters were set so
each sample acquired up to 100,000 CD4* T cell events. Image analysis was
done with Flowjo_v10.6.0 (FlowJo LLC, TreeStar Inc., Ashland, USA). Statistical
analysis was done with Microsoft Excel (2013, Redmond, USA), GraphPad Prism
(version 6.0, GraphPad Inc., San Diego, USA), CRAN R 3.6.2, and SPSS soft-
ware (IBM SPSS Statistics 22; Armonk, NY). All the variables showed non-para-
metric distribution by the Kolmogorow-Smirnow test and therefore, the Kruskal-
Wallis test was used for multiple comparisons and followed by Dunn's post hoc
test if significant (p<0.05).
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3. Results

3.1 Gating strategy and panel design

Common protocols were used to design the FC panels. Initial method design and
FC panel testing involved optimizing antibody concentration with titration testing
and by using FMO controls. FC Panel 1 was designed to describe a variety of T-
cell types; this included discriminating between naive, central, and effector
memory cells (CD45RA, CD27), those expressing HIV receptor (a4p7), and
highly activated CD4* and CD8* T cells (HLADR, CD38). FC Panel 2 was de-
signed to identify a different set of cells; this included describing regulatory CD4*
T cells (FoxP3, CD25), transcription factors used to identify exhausted cells or
those under chronic inflammation (Eomes, Tbet), and an HIV entry receptor
(CCR5). By using both Panel 1 and Panel 2 together, a large amount of infor-
mation can simultaneously be derived from participant samples. In both of these
FC panels, CD3 was added after permeabilization rather than before. This is a
commonly used method that has been reported in other protocols and leads to

equivalent results in our testing (112-114).

3.1.1 Comparison of cryopreservation methods

PBMC processing and cryopreservation at -80°C is the procedure commonly
used in many laboratories. Many cryopreservation methods include the use of a
StrataCooler (or other similar equipment) which lowers the temperature of the
cells slowly, thus providing an ideal environment for cells (115). While this is best
for the cells, it is often difficult to use in field laboratories or rural areas where
access to -80°C freezers can often be limited; however, many of these areas are
able to utilize a -20°C freezer which can be used for shorter periods of cryopres-
ervation (116). At this time, it is also not possible to slowly freeze cells in liquid
nitrogen. The StrataCooler and other such modules are not equipped for such
low temperatures, due to the material they are made with, in addition to lack of
space for such large containers in the portable liquid nitrogen tanks. When cells

are frozen directly in the liquid nitrogen without slow freezing beforehand, there
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is a greater risk of intracellular ice formation in the cells (117). Taking all of these
factors into account, we were able to test the whole blood method against a vari-
ety of common cryopreservation methods. Figure 11 displays a representative
sample which was prepared and cryopreserved in 4 different ways: First, the
staining protocol was done with fresh whole blood (Figure 11A), the control for
this method which should produce the optimal results. Next, the protocol was
used and blood samples were cryopreserved in the StrataCooler at -80°C (Figure
11B), at -20°C (Figure 11C), or the novel whole blood method presented here of
initially freezing with the StrataCooler at -20°C for 24 hours and then storage in
liquid nitrogen (Figure 11D). In a field laboratory, this would be a feasible time

frame to process cells and transport them to a main laboratory.

SSC-A

cp3

cp4

Figure 11: Representative gating of whole blood method shown using a number of cryopreserva-
tion approaches.

Reproduced from Horn et al 2021 with permission from RightsLink®/Elsevier, obtained on 09
June 2021.

30



Results

As seen in Figure 11, there were similar CD3* T cell frequencies (middle row)
seen in all of the conditions: A (standard method of fresh blood, mean plus stand-
ard error of the mean (SEM) 70.7+1.9), B (frozen at -80°C, 68.6%1.7), C (frozen
at -20°C, 71.6+2.3), and D (frozen -20°C to LN, 70.6+2.2). The CD4* T cell fre-
guencies were also comparable between the methods: A (56.6+0.9), B (56.7+
0.8), C (55.2+1.2), and D (55.8£0.7). Of note are the recognizable cell morphol-
ogy differences that are seen in the lymphocyte populations between the fresh
whole blood and any cryopreserved cells (top row). With the 2 cryopreservation
methods which included first freezing cells at -20°C (Figure 11C, 11D), there is a
change where it seems the lymphocyte population divides into two separate pop-
ulations which is not observed in either fresh whole blood or when cryopreserved
at -80°C (Figure 11A, 11B). All 4 of the healthy control samples tested and most
of the participant samples using this method have displayed this so-called double
lymphocyte population. This population was examined with further experiments
to confirm that these cells were not monocytes (by CD3) expression or composed

of dead cells.

3.1.2 Double lymphocyte population

In order to confirm if this double lymphocyte population seen after cryopreserva-
tion at -20°C was composed of monocytes (based on CD3 expression), dead
cells, or clumped lymphocytes, we used healthy control samples (n=4) to do fur-
ther testing. The FC panel used was previously described (2.2.3) and included
CD3-ECD, CD4-PerCpC5.5, CD38-APC, HLA-DR-PeCy7, along with the addition
of the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit. A representative sample
of what was seen during testing is shown in Figure 12; as indicated in Figure 11D,
all healthy control samples displayed this characteristic double population. Here,
analysis was first done on the complete lymphocyte population (Figure 12A), the
population which was left-gated (Figure 12B), and the population which was right-
gated (Figure 12C). Of note, the lymphocyte frequencies within the left-gated
population was noticeably higher (14.6%, mean and SEM 8.8+2.8) as compared
to the right-gated population (4.47%, 7.2+1.3) (Figure 12 B, 12C, respectively). It
should also be noted that in the right-gated population, there was also a higher

frequency of dead cells, as seen by the LIVE/DEAD™ stain, when compared to
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either the left-gated population or the complete lymphocyte population (2.49 in
panel C when compared to 1.33 in panel A or 0.97 in panel B). The right-gated
population also displayed differences in the frequencies of the CD3* and CD4*
populations when compared to either the left-gated population or the complete
lymphocyte population (75.5 in panel A, 72.9 in panel A). What is especially no-
table is that while there were some differences seen in the CD4* T cell frequen-
cies between figures 12A and 12B (59.9%, 62.9+1.9 in 12A and 63.3%, 72.2+4.9
in 12B), this did not affect the downstream analysis of HLADR*/CD38* activation
of CD4* T cells (2.63, 4.2+0.6 and 2.68, 4.4+0.7 for 12A and 12B, respectively).
These results instill confidence in the method and that the double lymphocyte

population does not affect the downstream analysis.
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Figure 12: Investigation of the observed double lymphocyte population after cryopreservation
from -20°C to liquid nitrogen.

Reproduced from Horn et al 2021 with permission from RightsLink®/Elsevier, obtained on 09
June 2021.

3.1.3 Comparison of extracellular markers

To further confirm that downstream analysis is not compromised by the cryopres-
ervation process, a number of extracellular markers were compared between
fresh whole blood and cryopreserved blood (-20°C to LN) using a representative
sample (n=4). As shown and discussed in figure 12, the lymphocytes in fresh

whole blood (Figure 13A) developed into the double lymphocyte population in the
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cryopreserved sample (Figure 13B). As was also seen in Figure 11, the distribu-
tion of cells in the FSC/SSC plot does differ slightly between the fresh and cryo-
preserved -20°C to LN cells without affecting the downstream analysis of markers
(e.g. HLADR, CD38). The CD4* T cell frequencies change only slightly between
the fresh whole blood (85.2% (mean and SEM 63.8+£0.9)) and the cryopreserved
cells (84.2% (62.0+0.7)) (Figure 13C, 13D). The downstream analysis was per-
formed to find the frequencies of HLADR*/CD38* cells on CD4* T cells; found to
be 4.36% (5.0+1.1) on fresh whole blood and 4.28% (5.3+2.1) on cryopreserved
cells (Figure 13E, 13F). Additionally, the frequencies of CCR5 on CD3* T cells
were observed to remain similar with frequencies of 15.3% (20.9+0.9) and 15.5%
(20.9+1.0) on fresh whole blood samples and cryopreserved samples, respec-
tively (Figure 13G, 13H). The results indicate that the method of cryopreserving
whole blood at -20°C and subsequent storage in liquid nitrogen can be a valuable
method to use for sophisticated flow cytometric analysis; this method produces
results which are highly comparable to what is seen in fresh whole blood.

A s

HLADR

CCRS

Figure 13: Comparison of extracellular makers between fresh whole blood and cryopreserved
blood samples.
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Reproduced from Horn et al 2021 with permission from RightsLink®/Elsevier, obtained on 09
June 2021.

3.1.4 Long-term cryopreservation effect on cells

After this method was established on healthy control samples, we could then use
it on study participant samples in an ongoing Ghanaian study and test how long
the samples could be stored after transportation (Figure 14). These samples were
processed in the above-mentioned manner in a Ghanaian field laboratory - extra-
cellular staining was performed followed by lysing and freezing - prior to long-
term storage in liquid nitrogen. The samples were then able to be transported to
a central laboratory for further processing. All of the samples were stained with
the FC panel listed here and which was previously described (Appendix B). Some
of these samples were processed immediately following transportation (time point
0), others were stored in liquid nitrogen for 6 months, while the rest were stored
in liquid nitrogen for 12 months. After processing and image acquisition, we could
compare the mean frequencies and SEM of the CD8* T cells after 0 (n=11), 6
(n=26), and 12 (n=48) months (33.06%z4.40, 28.64%+2.70, and 30.7+1.59, re-
spectively) (Figure 14A) and CD4* T cells after 0 (n=9), 6 (n=32), and 12 (47)
months storage in liquid nitrogen (62.435+£2.92, 59.2%+1.93, and 59.30%z=1.76,
respectively) (Figure 14B). We additionally found highly comparable mean fre-
qguencies of regulatory CD4* T cells after 6 (n=20) and 12 (n=22) months storage
(2.07%+0.17) and 2.54%=0.25, respectively) (Figure 5C). Further analysis of
CCRS5 expression on regulatory CD4* T cells after 6 (n=20) and 12 (n=22) months
storage revealed no statistically significant differences between the mean fre-
guencies (62.75%+3.18 and 63.53+3.03, respectively) (Figure 14D). None of the
time points mentioned above were found to be statistically significantly different
when analyzed with either Kruskal-Wallis or Mann-Whitney tests.
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Figure 14: Whole blood method cryopreservation sample variability after storage of samples for
0, 6, or 12 months in liquid nitrogen.

Reproduced from Horn et al 2021 with permission from RightsLink®/Elsevier, obtained on 09
June 2021.

3.2 CD4" T cell activation changes with increasing filarial
lymphedema stage

After the initial testing of the method in Ghanaian participant samples, we were
then able to employ the use of it for flow cytometric analysis in further studies in
Ghana as well as start using it in Tanzania to answer specific research questions.
First, we wanted to examine how the level of CD4* T cell activation differed in the
various stages of filarial leg lymphedema according to the Dreyer scale (37) as
part of the LEDoxy ongoing clinical trial. Participants were divided into 3 groups:
Stages 1-2 (n=14), stage 3-4 (n=20), and stages 5-7 (n=25). Participant samples
from Ghana showed a statistically significant decrease in the mean and SEM of
CD4* T cells of the higher stage LE samples when compared to those in either of
the lower stage groups (63.05%z+1.74, 63.39%+1.16, and 57.83%=1.63 on
groups 1-2, 3-4, and 5-7, respectively) (Figure 15A). When looking to the frequen-
cies of the activation markers (HLADR*/CD38%) on CD4* T cells, a distinct pattern
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emerges. There are statistically significant increasing frequencies seen in the up-
per LE stages (5-7) when compared to the lower (1-2) and moderate (3-4) groups
(2.80%=0.24, 2.58%=+0.19, and 4.38+0.55 on groups 1-2, 3-4, and 5-7, respec-
tively) (Figure 15B). There were no significant differences in the frequencies of
CD4* T cells in participant samples from Tanzania (stages 1-2, n=27; stages 3-
4, n=39; stages 5-7, n=27) (Figure 15C); nonetheless, downstream activation
markers showed increased frequencies within the higher LE stages (53.7%+2.22,
51.34%+1.59, 50.29%+1.77 on groups 1-2, 3-4, and 5-7, respectively).

(A) p=0.0303 (B) p=0.0223
L) L} I 1
p=0.0040 @ p=0.0205
l—l = ﬁ
80 S
A = 104
® “l . " 10
3 a?i* = g
© 60 s o
- Jfﬁ o
4 A
a g 5 B
© 40 ' s
(=] 5T
3 i o
20 T T T i 0 T T T
Nig P o W o> o
Dreyer scale stage Dreyer scale stage
(C) (D) p=0.0059
T 1
" p=0.0036
= 254 e |
80 o S .
A H ] *
o A : o 20 A
= A o ot a
S 60 L b ppa? O 15.
Ll r . Jo* kN :
3 a
8 *5ee Moseadl 6 % o’
- 404 A s * e -
Aaa o . o 5-
20 . . . I o
=
N o> = o
Dreyer scale stage Dreyer scale stage

Figure 15: CD4* T cell activation in Ghanaian and Tanzanian leg lymphedema samples based
on Dreyer classification stages.

3.2.1 Increased CD4* T cell activation in Ghanaian lymphedema

participants

Next, we examined whether the LE participants (n=20) expressed varying levels
of CD3*, CD4*, or activated CD4* T cells in comparison with other individuals
living within the filarial endemic areas, namely endemic normals (EN. n=34) and
W. bancrofti infected (Wb-inf., n=10) individuals. We found that while there were
essentially no differences in the frequencies of the CD3* and CD4* T cells among

these groups (Figure 16A, 16B), there were statistically significant differences
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found when looking at the frequencies of activation markers on CD4* T cells.
Here, the LE group expressed higher CD4* T cell activation levels than either the
EN or Wb-inf. group, but was statistically significant only when compared to the
EN group (mean and SEM, 6.08%+0.44, 5.65%z+0.60, 8.35%+1.03 in the EN, Wb-
inf. and LE groups, respectively) (Figure 16C).
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Figure 16: CD4* T cell activation in endemic normal (EN), Wuchereria bancrofti-infected (Wb-inf.),
or suffering from lymphedema (LE) pathology Ghanaian participants.

3.3 Altered expression of CD8*CCR5*CD45RA" in lymphedema
participants

There have not been any clinical studies which have comprehensively described
exhausted CD8* T cells in various states of W. bancrofti infection. Using the same
3 groups mentioned above (EN, Wb-inf. and LE), we were able to use the whole
blood method to examine CD8* T cells for any difference in extracellular markers
(CCR5, CD45RA) which have previously been associated with memory CD8* T
cells (118) (Appendix C). Upon first look, we did not see any differences per se
in the proportion of CD8* T cells between the 3 groups (Figure 17A). However,
when looking further at the CD8*CCR5* T cells, there were significantly higher
frequencies expressed in the LE patients as compared to the EN group (Figure
17B). Upon further investigation, it was seen that there was more expression on
memory (CD8*CCR5*CD45RA") but not naive (CD8*CCR5*CD45RA*) T cells in
the LE group (Figures 17C, 17D, respectively). This suggests that the
CD8*CCR5*CD45RA memory T cells could potentially play a role in the devel-

opment of chronic LE pathology.
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Figure 17: Participants with Wuchereria bancrofti-associated lymphedema showed greater fre-
guencies of CCR5*CD45RA" expressing CD8* T cells.

3.3.1 Comparable levels of exhaustion markers in whole blood and PBMC
samples
In order to confirm the whole blood method produced comparable FC results to
PBMCs in a field laboratory setting, a subset of Ghanaian participant samples
(EN, n=11; Wb-inf., n=8; LE, n=8) were tested with both methods (Figure 18).
The whole blood was stained with the FC panel above (Appendix B) while the
PBMCs were stained with a 13-color FC panel designed to include more param-
eters related to CD8* T cell exhaustion. The markers Thet and Eomes were cho-
sen as a main component of the FC panel due to the fact that Tbet is important
for the expression of effector functions and Eomes is the gatekeeper for the
memory CD8* T cell repertoire (119). The expression levels of these transcription
factors, Thet and Eomes, in CD8* T cells can provide further information about
progenitor and terminally exhausted subsets (89, 93, 120, 121). We then com-
pared the frequencies of CD8* T cells (Figure 18A, 18B), CD8*Exmem cells (de-
fined as Tbeti™Eomes", Figure 18C, 18D), and CD8*Exerr cells (defined as
Tbet"Eomes®™, Figure 18E, 18F) (89). While there were no significant differ-
ences found between either the CD8* or the CD8"Exmem cells, there was a pattern
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observed with the CD8"Exeft cells. While the LE group produced significantly
higher frequencies compared to the Wb-infected within the whole blood method
(Figure 18E, p=0.0064), the same trend towards an increase in the LE group was
observed in the PBMC samples, albeit insignificant (Figure 18F, p=0.0613).
Given the low number of overlapping samples, the methods are shown to be
comparable and can be further replicated with a greater number of samples.
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Figure 18: Comparison of CD8*exmem and CD8*eXest populations between whole blood and PBMC
methods.

3.3.2 Decreased frequencies of IFN-y in CD8*exmem T cell subsets of
lymphedema participants

CD8* T cell exhaustion occurs when antigen is present over a long period of time
or there is inflammation which leads to the cells not being able to function effec-
tively. This is shown by the increased frequencies of certain surface markers (e.g.
PD-1, Tim-3) and elevated plasma levels of IL-10 (122). Because of this, we com-
pared the expression levels of CD8*exmem T cells that were displaying exhaustion
markers LAG-3, Tim-3, PD-1, KLRG-1, and CD39 in addition to IFN-y, IL-10, and

TNF-a expression using the gating strategy in Appendix D. The initial comparison
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of CD8*exmemTim-3*was similar between the 3 groups (Figure 19A), reduced fre-
quencies of CD8*exmem TIm-3*IFN-y* cells was seen in the LE group in compari-
son to both EN and Wb-infected (Figure 19B). There was a similar reduction in
the median fluorescence intensity (MFI) in the LE group as compared to the Wh-
infected, indicating decreased IFN-y production by the LE group (Figure 19C).
Additionally, there was a trend towards a further decrease in CD8*€XmemTim-
3*IFN-y* with increase LE stage (between stages 2, 3, and 6), although insignifi-
cant due to low sample numbers. It was quite notable to find that while there were
comparable frequencies of CD8*eXmemLAG-3* and CD8*eXmemLAG-3*IFN-y*
(Figure 19D, 19E, respectively) between the groups, the MFI was reduced in the
LE groups when compared to the other 2 subsets (Figure 19F). This is indicative
of decreased activity of the cells in this group. The other markers measured

(CD39, PD-1, and KLRG-1) did not display any significant changes between the

groups.
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3.3.3 Increased expression of IL-10 in CD8*exest T cell subsets of
lymphedema participants

We then wanted to further analyze the CD8"exeft Subset as well to find any differ-
ences in the exhaustion markers or cytokines. Interestingly, Tim-3 expressing
cells again displayed distinct patterns, but in these cells the LE group expressed
significantly higher frequencies of Tim-3 on CD8*exet cells (Figure 20A). Fre-
quencies of CD8*exe#Tim-3*IL-10* expressing cells were also higher in the LE
group as compared to the EN group (Figure 20B). However, the CD8*eXeffTim-
3*IL-10" MFI was consistent across all 3 groups (Figure 20C). In terms of the
LAG-3 expression on the CD8*exeff subset, there were no differences seen (Fig-
ure 20D). When examining this population on IL-10 producing cells, levels were
significantly elevated within the LE group as compared to the EN group, however
this was not seen in the MFI of the same group (Figure 20E, 20F, respectively).
Within the CD8%exert subset, we continued to see increased frequencies of
CD8%exerIL-10* cells in the LE cohort when looking at the expression of CD39,
KLRG-1, and PD-1 (Figure 21A, 21B, and 21C, respectively).
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Figure 20: CD8*exert T cell subsets of lymphedema individuals present higher frequencies of IL-
10 in cells expressing Tim-3 or LAG-3.
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4. Discussion

There are ~40 million people currently suffering from LE worldwide with no suffi-
cient treatment to cure chronic LE. While MDA programs have significantly re-
duced the number of newly infected individuals, the numbers of people with irre-
versible LE are unlikely to change (123). It is therefore important to understand
how the immune system is being modified by the W. bancrofti itself in those who
suffer from LE along with those who are infected and asymptomatic. In addition,
these individuals can be subject to other bacterial infections and resulting ADLA
from when bacteria enters through open lesions (39, 123). Since the higher
stages of LE are associated with a greater number of open lesions, ADLA is com-

monly associated with more progressed LE stages.

4.1 Field laboratory obstacles

In order to address LF and other infections studied in hard to reach areas, a FC
method was needed to overcome issues like the lack of standardized equipment
(e.g. -80°C freezer, incubators, Laminar flow hood) or alternatively, equipment
which undergoes harsher wear and tear than in a standard laboratory environ-
ment (98). These laboratories can be located in areas with higher humidity or lack
of climate controlled rooms to store the equipment leading to quicker breakdown.
There often aren’t technicians trained to repair the equipment or perform quality
control checks on a regular basis; when machines do break down or need repair,
the parts can be difficult to obtain or take long periods of time to reach the labor-
atories. Despite these problems, there is a vast potential for research in these
areas as well as for capacity building activities. NTDs are often located in these
areas which only have access to field laboratories; hence, there is a need for
standardized procedures which allow researchers to easily obtain high quality

data.

A typical field procedure is to use PBMCs to preserve samples for later flow cy-
tometric analysis (98, 100, 103). Due to some of the above mentioned problems
with PBMC processing, we designed a novel whole blood method which can be

used to accurately characterize a number of extra- and intracellular markers
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measured with flow cytometry; the method utilizes a smaller amount of blood
(~200 pL per participant) and avoids time-consuming centrifugation steps (to
avoid effects of power supply problems). In addition to the centrifugation step
which can be interrupted by irregular power supplies, deep freezing with a -80°C
freezer and long-term sample storage can also be impacted. To overcome this,
the whole blood method was designed to instead include an intermittent freezing
step at -20°C (freezers at this temperature are more readily available in limited
resource settings) for 24 hours (or until completely frozen) before transfer to a
portable liquid nitrogen tank. While the extracellular marker panel does need to
be fixed before using in the field, the intracellular marker panel can be added to

and modified in order to address ongoing research questions.

Pinto and colleagues also noted the lack of appropriate FC field methods and
tested 5 variations of fixing and freezing methods, one of which was similar to our
method of staining, fixing, and freezing (in that particular order) (110). Unfortu-
nately, this group only tested the method on 5 markers (CD3, CD4, CD9, CD19,
and CD16/CD56), and of these, CD3, CD4, and CD8 can also be stained after
fixation, freezing, and permeabilization and are not shown to be sensitive to fixa-
tion (110, 124-126). Some extracellular epitopes, notably HLADR which is used
to define activated CD4* and CD8* T cells, are greatly affected by the paraform-
aldehyde fixation step, making it difficult to reliably use if stained for after fixation
(107-109).

4.2 CD4*T cell activation

Helminth immune modulation of a host’'s immune system has been thoroughly
documented; the overall goal of the helminth is to reproduce and prevent expul-
sion from the host (56, 127-130). Due to the nature of W. bancrofti infections,
infected individuals can either be asymptomatic or suffer from a chronic LE (or
hydrocele) infection. Studies have well characterized the varying CD4* T cell
characteristics between filarial endemic individuals and those suffering from LE.
Among the reports are elevated TNF receptor frequencies (131), variety of in-
flammatory markers present in the peripheral circulation (TARC, IP-10, MCP-1,
IL-6, TNF-a, and C-reactive protein) (61), and higher levels of Thl, Th1l7, Th9,
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with simultaneous lower levels of the Th2 response seen in filarial lymphedema
cohorts (65).

Previous studies have shown a significant link between systemic immune activa-
tion and helminth infections; Chachage et al found increased frequencies of acti-
vated T cells in Trichuris trichiura and Ascaris lumbricoides infections whereas
Kroidl et al found the same association with W. bancrofti infections (78, 132).
Another group studied Ethiopian immigrants in Israel and found that the more
recent immigrants, when compared to the immigrants who had lived there for
more than 5 years, displayed increased levels of HLADR* activation on both CD4*
and CD8" T cells, hypothesized to be due to chronic helminth infections being
more prevalent in the recent immigrant group (70). Very few of these groups
looked at the activation specifically in regards to W. bancrofti infection, and espe-
cially not in regards to varying stages of LE pathology. In our studies, we found
the largest differences in activation between the chronic pathology LE groups
when compared to the EN or the Wb-infected (asymptomatic infection) groups
with a trend towards increasing activation levels and higher LE stages. It has
been hypothesized since the 1990s that the systemic immune activation induced
by helminth infections can contribute to host susceptibility to HIV infections (67)
and was then further expanded on to show this was true specifically in W. ban-
crofti infections (79). It remains to be shown if this is indeed true for past LF in-
fections which have already eliminated the worm, succumb to pathology, and yet
remain activated (LE group).

Early response of individuals infected with W. bancrofti is difficult to characterize
since it is almost impossible to determine the exact time of infection. Babu and
Nutman tried to overcome this by exposing PBMCs to L3 larvae, showing early T
cell activation levels as indicated by upregulation of CD69 and CD71 (133). Babu
has also demonstrated that LE patients do not have an immune response that
differs significantly from asymptomatic infections in terms of the Th2 and IL-10
responses (65). However, what we see is that the activation levels are indeed
upregulated in LE chronic pathology patients when compared to either asympto-
matic (Wb-inf.) or EN groups as well as displaying an increase in activation levels
associated with the higher stages of LE. This is an interesting finding because by
the time individuals develop pathology, antigen is typically no longer present in
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detectable levels. Indeed, all the LE PBMC samples tested CFA negative with
both the FTS and TropBio tests.

Over time, LE often continues to progress; in the higher LE stages, hyperpigmen-
tation and hyperkeratosis cause the skin to become thick and hard, and the indi-
viduals are more prone to bacterial infections and ADLA (134-136). While these
samples were not tested for the presence of other bacterial or viral infections, we
hypothesize that this is perhaps one of the contributing factors for the higher ac-
tivation levels associated with LE in general, along with the trend towards higher
activation as LE stages increase. Babu and Nutman have also suggested that
the immune activation could be caused since microbes have an easier time mov-

ing into the body through the broken skin caused by LE (62).

4.3 CDS8*T cell exhaustion

Chronic activation of cells when they are exposed to persistent antigen can lead
to a state of T cell exhaustion. We noted that the LE individuals, in addition to
increased frequencies of activation markers, showed altered expression of ex-
hausted CD8* T cells in both whole blood and PBMC samples. By first looking at
the results from the whole blood method, we were able to see that the LE group
expressed elevated frequencies of CD8*CCR5 expressing T cells when com-
pared to either the EN or Wb-infected groups. Upon further examination, this was
found to be statistically significant also within the memory (CD45RA") subset but
not within the naive (CD45RA ) subset for LE participants. Until now, the role of
CCR5 on CD8* T cells has not been well defined for filariasis patients. What is
known, however, is that during viral infections, CCR5 plays an important role in
recruiting memory CD8* T cells to areas of inflammation (118). CCRS5 has also
been well characterized as a co-receptor for HIV on CD4* T cells (137, 138). The
inflammatory response is activated for many diseases based on the interaction
of CCR5 with chemokines. While LF specific studies have not reported any al-
tered frequencies of CCR5 on CD8* T cells, there has been a review published
which reports on the interplay of CCR5 within infections by another helminth,

Schistosoma. Here, they showed that the common thought of “lack of CCR5 is
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associated with less inflammation” does not hold true in the case of schistosomi-
asis (139). It appears that our results also correlated to what is seen in schisto-
somiasis, given the higher frequencies of CD8*CCR5* T cells in the LE group

(inflammation).

Within a subset of these samples, we could confirm the validity of our newly de-
veloped whole blood method with a direct comparison to PBMC samples. With
the small subset of individuals, the same trends were observed within the ex-
hausted CD8* effector (CD8*Exett, CD8*Thet""Eomes'®") and memory (CD8*Ex-
mem, CD8*TbetdmEomes") T cell groups (89), even though the LE group had sig-
nificantly higher frequencies of CD8*exett cells compared to the EN while that was
not seen in the PBMC samples. Visual examination of the samples also showed
a more precise marker cutoff for the whole blood samples, in this case for tran-

scription factors Thet and Eomes.

Given the low number of samples analyzed with both methods, it was necessary
to use PBMC samples to analyze a large number of markers associated with
exhaustion. Buggert et al. had previously showed evidence of continual expres-
sion of Eomes and PD-1 in the viral specific CD8* T cells in HIV positive individ-
uals; they reported that the expression patterns of Thet and Eomes together are
indicative of insufficient viral clearance (89). Since they were primarily interested
in the ratio of Tbet and Eomes, we expanded on this simple ratio by continuing
the analysis with IL-10, IFNy, Tim-3, LAG-3, CD39, KLRG-1, and PD-1 on
CD8"Exmem and CD8"Exeft subsets within filarial infections.

What has been seen in previous studies is that simultaneous analysis of multiple
exhaustion markers can display a more accurate picture of the level of exhaus-
tion. This is what has been often seen with the markers LAG-3 and PD-1 when
comparing single positive and double positive cells for these markers (140-142).
Other studies have been interested in characterizing the CD4* and CD8" ex-
hausted T cells by examining more of the exhaustion markers as well (e.g. Tim-
3 and IL-10 in addition to those above) (122). Interestingly, just because cells are
co-expressing multiple exhaustion markers, it does not necessarily indicate that
cells are overall more exhausted; co-expression of PD-1 and Tim-3 has shown
the opposite (143-145). Cytotoxic T-Lymphocyte-Associated Antigen 4 (CTLA-4)
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is another marker associated with exhaustion (not measured here); it was how-
ever previously studied in regards to filarial infections (60, 146) and the co-ex-
pression of PD-1 and CTLA-4 were reported to even suppress a Th2 response in
in vitro Strongyloides stercoralis infections (147). As mentioned earlier, filarial in-
fections characteristically display an upregulated Th2 response to resist develop-
ing chronic pathology (147, 148). Here, this analysis was also performed, but no
conclusions could be drawn due to the low number of cells co-expressing the
exhaustion markers. However, we were able to conclude that there is sufficient
evidence of an altered CD8* exhausted T cell exhaustion pattern present within
LE chronic pathology individuals. It was especially interesting to note that while
so many studies have shown distinct immune responses to W. bancrofti, we did
not find any differences in the exhaustion patterns of the W. bancrofti-infected

individuals when compared to the EN individuals.

Given that the majority of LE patients have already cleared the infection, also
seen in our PBMC samples where there were no antigen positive individuals, it is
unlikely that the altered activation and exhaustion patterns are caused by circu-
lating filarial antigens. A more likely cause would be the secondary viral or bac-
terial infections often found within LE patients and which are more concentrated
within higher LE stages. Here, we were able to observe trends of increasing ac-
tivation levels corresponding to increasing LE stage. This needs to be further ex-
amined with larger number of samples in each LE stage, particularly the middle
stages 4 and 5.

4.4 Conclusion

There continues to be a need for research on LF due to the chronicity of the
infection and the ongoing pathology (LE). We first realized there was a lack of
information regarding specific flow cytometric markers (e.g. activation) based on
LE staging. Our main finding here is that the immune activation increases signif-
icantly with the higher LE stages, indicating that the immune system is more ac-
tive from potential viral or bacterial infections from open lesions or from the LF
infection itself.
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Conclusion

We also noticed that there had been no research done on the exhausted CD8* T
cell subsets within W. bancrofti infections. When comparing the LE infected indi-
viduals with either the Wb-infected or control EN, we found that there were very
few differences between the Wb-infected and EN, but the LE-infected displayed
distinct exhaustion patterns.

While asking these questions, we noticed there was a lack of appropriate flow
cytometry field methods, which is a problem encountered not just when studying
filarial infections but in all resource limited settings. To solve this, we developed
a novel field method in Munich, Germany which was then employed in a number
of clinical trials and other studies to ask the aforementioned questions. These
novel findings further support the knowledge about the immune response of indi-
viduals with both asymptomatic W. bancrofti infections and those suffering from
chronic LE pathology.
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Appendix A

Appendix A:
Ghana Stage 1-2 Stage 3-4 Stage 5-7 Tanzania Stage 1-2 Stage 3-4 Stage 5-7
Sample size (n) 60 25 15 20 114 32 46 36
Mean age [range] 48.1[19-65] | 47.8[19-65] | 48.0[19-65] | 48.0[19-65] | 48.8 [15-65] | 48.8 [15-65] | 48.7[15-65] | 49.1 [15-65]
Gender (Female:Male) [%] | 53:7 [88:12] | 21:4[84:16] | 15:0 [100:0] | 17:3 [85:15] | 69:45 [61:39] | 22:10 [69:31] | 29:17 [63:37] | 18:18 [50:50]
Mean yearslivinginthe en- | ;o 19 o1 | 47.4(19-65] | 47.6[19-65] | 47.6[19-65] | 42.0[3-65] | 42.0[3-65] | 42.3[3:65] | 42.2[3-65]
demic area [range]
MEd'aTr';/'anAe]m””ds 5 [1-15] 5 [1-13] 5 [1-13] 5 [1-15] 4[0-15] 4 [0-15] 4[0-15] 4 [0-15]
Median Iym{p;f;dema stage 3[1.8] NA NA NA 3[1.7] NA NA NA

Table 1: Participants characteristics per leg lymphedema stage in the LEDoxy clinical trial in Ghana and Tanzania.
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Appendix A

EN Whb-inf. LE
Sample size (n) 58 29 37
Mean age [range] 45.1[21-81] 44.2 [20-83] 48.4 [26-64]
Gender (Female:Male) [%] 39:19 [67:33] 17:12 [59:41] 30:7 [81:19]
Mean years living in the en- 39.2 [6-81] 42.8[20-83] 48.4 [26-64]
demic area [range]
Median MDA rounds [range] 2 [0-6] 4 [1-8] 6 [1-15]
Median lymphedema stage [SD] NA NA 3[1.7]

Table 2: Ghanaian participant characteristics for the CD4+ T cell activation and CD8+ T cell exhaustion data.
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Appendix B

Appendix B:

Location Protein Target Clone Fluorophore Company
Extracellular b7 FIB27 PE Biolegend
molecules
CD3 UCHT1 ECD Beckman Coulter
CD4 OKT4 PerCP-Cy5.5 Invitrogen
HLA-DR LN3 PeCy7 Invitrogen
CD38 HIT2 APC Biolegend
CD195 (CCRS5) REA245 APC Miltenyi Biotech
CDh27 M-T271 APC-H7 BD Biosciences
CD45RA HI100 Brilliant Violet 421 Biolegend
CD8 RPA-T8 V500 BD Biosciences
CD25 BC96 Brilliant Violet 605 Biolegend
I’;;:;JIZZ?’E{Z" FoxP3 259D Alexa Fluor 488 Biolegend
Thet eBio4B10 PE eBioscience
Eomes WD1928 PeCy7 Invitrogen

Table 3: Whole blood flow cytometry panel information.
APC: allophycocyanin; APC-H7: allophycocyanin H7; ECD: R phycoerythrin-Texas Red-X; PE:

phycoerythrin; PECy7: phycoerythrin Cy7; PerCP-Cy5.5: peridinin chlorophyll protein; V500: vio-
let 500
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Appendix C:
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Appendix D:
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