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Resumo

A tripanossomiase africana é uma doenca infeciosa causada por varios parasitas
unicelulares e extracelulares da familia Trypanosomatidae, incluindo o parasita
Trypanosoma brucei. Esta doenca afeta multiplas espécies de mamiferos, incluido
humanos. Em humanos, a doenca € denominada de tripanossomiase humana
africana, ou doenca do sono, e tripanossomiase animal africana nos restantes
hospedeiros. Uma apresentagdo clinica comum da tripanossomiase africana é a
perda acentuada de volume adiposo seguido de perda de musculo esquelético. Na
maioria dos contextos estudados, a perda de volume adiposo deve-se a alteracfes
no metabolismo lipidico dos adipdcitos, sendo estas as células responsaveis por
armazenar gordura no tecido adiposo na forma de triglicerideos. Neste caso, um
aumento do catabolismo lipidico na forma de lipdlise neutra leva a hidroélise
sequencial de triglicerideos em &cidos gordos livres e glicerol, que sé&o
posteriormente libertados para a circulacdo. Este processo de lipdlise neutra é
levado a cabo por trés lipases: lipase de triglicéridos do tecido adiposo (ATGL),
lipase sensivel a hormonas (HSL) e lipase de monoglicerideos (MGL). Quando um
aumento de lipdlise neutra ndo é compensado por um aumento proporcional de
sintese de triglicéridos no adipécito (lipogénese), ocorre uma perda de volume
adiposo. Dentro do hospedeiro mamifero, o parasita T. brucei coloniza tanto
espacos intravasculares como extravasculares. Dentro dos espagos
extravasculares estudados até a data em modelos de roedores, o T. brucei
apresenta uma colonizacdo desproporcionalmente elevada no tecido adiposo
quando comparado com a maioria dos restantes 6rgdos. Contudo, como esta
colonizagdo contribui para a perda de volume adiposo -caracteristica da
tripanossomiase africana, ou como o microambiente metabdlico e/ou imunolégico
do tecido adiposo permite a acumulacdo de numeros tdo elevados de parasitas €

ainda incompreendida.

7

Neste trabalho demonstramos que o tecido adiposo ndo é um 6&rgéo
imunologicamente privilegiado durante uma infe¢do com T. brucei. Neste 6rgao, a
medida que a infecdo progride, ocorre a acumulacdo de uma resposta imune
constituida por todos os componentes considerados necessarios para eliminar o

parasita. Especificamente, a analise do transcriptoma do tecido adiposo revelou
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uma marcada assinatura imunolégica em ratinhos infetados quando comparada a
de controlos néo infetados. Esta assinatura imunolégica € sugestiva do
recrutamento e ativacao de células imunes inatas e adaptativas, e a sua intensidade
aumentou com o decorrer da infecdo. Em seguida, confirmamos esta previsao
através de uma caracterizacao por citometria de fluxo e imuno-histoquimica das
células imunes presentes no tecido adiposo ao longo da infecdo. Verificamos que
durante a infecdo existe uma acumulacéo significativa de neutréfilos, mondcitos,
macrofagos, linfocitos T CD4+, linfécitos T CD8+, linfécitos T CD4+ reguladores,
linfécitos B (incluido plasmaocitos produtores de imunoglobulinas). Uma vez
confirmada a presenca de uma resposta imune celular ativa no tecido adiposo,
aferimos se uma resposta humoral contra antigénios do parasita também era
montada nos espacos intersticiais do tecido adiposo. Verificamos que tal como o
gue acontece no sangue, quantidades progressivamente mais elevadas das
imunoglobulinas IgM e IgG especificas para a glicoproteina variante de superficie
do parasita. Uma vez demonstrada a presenca no tecido adiposo dos componentes
celulares e humorais necessarios a eliminacdo do parasita, procedemos a
investigacdo da contribuicao relativa de varios destes fatores para a eliminacao de
parasitas do tecido adiposo recorrendo a modelos de ratinho geneticamente
modificados. Apuramos que ratinhos deficientes para linfécitos T e B (Rag2”),
deficientes apenas para linfécitos B (Jht”) ou deficientes para a citocina proé-
inflamatéria interferdo-gama (Ifng”) ndo foram capazes de controlar a carga
parasitaria no sangue, no tecido adiposo, e em outros 6rgaos nao adiposos. Estes
resultados sugerem que a eliminacao do parasita no tecido adiposo utiliza mesmos
mecanismos gerais previamente descritos como necessarios para eliminar T. brucei
intravascular. Contudo, verificamos que ratinhos deficientes para componente do
complemento 3 (C37), necessario para o reconhecimento e fagocitose de parasitas
opsonizados com IgM, foram menos eficientes a eliminar parasitas do tecido
adiposo que ratinhos tipo selvagem (WT). Esta mesma reducdo de eficiéncia ndo
foi observada no sangue ou bago dos mesmos animais, sugerindo que a eliminagéo
de parasitas no tecido adiposo, e possivelmente de outros espacos

extravasculares, € particularmente dependente do sistema do complemento.

Para além do estudo da resposta imune contra T. brucei no tecido adiposo,

interrogamos também que alteracbes metabolicas geradas pela infecdo com este



parasita poderiam levar a perda de massa adiposa, e por sua vez como é que estas
alteracbes metabdlicas impactam a patologia desenvolvida. Verificamos que
tecidos adiposos brancos recolhidos de diferentes localizagdes anatdmicas sofrem
uma progressiva reducao de tamanho ao longo da infecéo, e que esta reducéo de
tamanho esta correlacionada com a diminuicdo do tamanho da goticula lipidica dos
adipocitos. Em seguida, mostramos que o tecido adiposo de ratinhos infetados
liberta niveis significativamente elevados de acidos gordos e glicerol em varios dias
de infecdo, comparativamente a controlos nédo infetados. Esta libertacdo
aumentada de produtos de lipdlise deve-se a um aumento da atividade da enzima
ATGL, uma vez que o tecido adiposo de ratinhos com adipécitos deficientes para
esta enzima (Adipoqce’+-Atglif) foram incapazes de aumentar a libertacdo de
acidos gordos e glicerol durante a infecao. Adicionalmente, mostramos que ratinhos
Adipogcre+-Atgl" sofrem uma menor perda de percentagem de massa gorda total
durante a infecao, e que os seus adipdcitos retém um maior volume da sua goticula
lipidica quando comparados com ratinhos controlo Atglf infetados. Esta lipolise
mediada pela enzima ATGL exerce uma funcéo protetora para o hospedeiro, uma
vez que na sua auséncia ratinhos sucumbem mais cedo a infecdo com T. brucei
por um mecanismo ainda a explorar. Para além de prolongar a sobrevivéncia do
hospedeiro, demonstramos que elevados niveis de lipélise no adipdcito levam a
uma diminuicao da carga parasitaria. Este resultado é evidenciado de duas formas
distintas: animais Adipog®e+-Atgl" apresentam maior carga parasitaria no tecido
adiposo; inducdo quimica de lipdlise em co-culturas de adipdcitos e T. brucei reduz
significativamente o crescimento do parasita. No futuro, o mecanismo pelo qual a
lipélise de adipdcitos reduz a carga parasitaria sera alvo de investigacéo adicional.
Finalmente, investigamos que sinais oriundos do hospedeiro ou do parasita
poderiam estar por tras da inducéo de lipdlise. Utilizando um sistema de adipdcitos
diferenciados in vitro, verificamos que co-cultura destes adipdcitos com T. brucei,
ou tratamento com lisados totais do parasita, € suficiente para a inducéo de lipolise.
Paralelamente, verificamos que ratinhos Rag2”’ registam uma perda de massa
gorda total significativamente mais baixa do que controlos WT, apesar de
apresentarem maior carga parasitaria. Adicionalmente, adipécitos tratados in vitro
com soro recolhido de ratinhos WT infetados mostraram uma maior libertacdo de
acidos gordos do que adipdcitos tratados com soro de ratinhos WT néo infetados

ou ratinhos Rag2” infetados. Coletivamente, estes resultados indicam que fatores



oriundos tanto do parasita como do proprio hospedeiro poderdo contribuir para a
ativacao da lipdlise e subsequente perda de massa gorda durante uma infegdo com
T. brucei. De particular relevancia, num contexto in vivo o efeito da resposta imune
gerada contra o parasita parece ser predominante na inducdo da perda de massa
gorda, que poder-se-& dever a um ou varios fatores soluveis indutores de lipdlise

derivados de linfocitos T e/ou B.

Em concluséo, neste trabalho demonstramos que a colonizacao extensiva do tecido
adiposo por parte do parasita T. brucei ndo se deve a auséncia de uma resposta
imune. Mostramos também que, conjuntamente com sinais derivados do parasita,
esta resposta imune é capaz de induzir lipélise do adipdcito, levando a perda de
massa gorda. Finalmente, mostramos que esta lipdlise é dependente da atividade
da lipase ATGL e que a sua atividade prolonga a sobrevivéncia do hospedeiro ao
mesmo tempo que ajuda a controlar a quantidade de parasitas presentes no tecido

adiposo.
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Summary

African trypanosomiasis is an infectious disease caused by unicellular and
extracellular parasites of the Trypanosomatidae family, including Trypanosoma
brucei. Both Human and animal African trypanosomiasis are characterized by a
pronounced loss of fat and skeletal muscle mass. T. brucei occupies both
intravascular and extravascular compartments of the mammalian host. In the mouse
model of infection, T. brucei colonizes the adipose tissue in disproportionately high
numbers when compared with most other organs. The properties of the adipose
tissue microenvironment, immunological and others, which enable such extensive
colonization, are still incompletely understood. Moreover, the impact of adipose
tissue colonization on the loss of fat mass observed during natural infections, and
the impact of fat mass loss itself on disease pathology are unknown. Here, we show
that during infection the adipose tissue acquires a marked transcriptomic immune
signature. This correlated with the accumulation of both innate and adaptive immune
cells consistent with a T helper (Th) 1 response. Moreover, as observed for the
serum, we found increasingly higher titers of IgM and IgG specific for the parasite’s
surface variant glycoprotein in the adipose tissue’s interstitial fluid. Similar to the
blood, parasite clearance from the adipose tissue was dependent on T and B cells
and the hallmark Thl cytokine interferon gamma. Interestingly, while the
complement system was dispensable to eliminate circulating parasites, mice lacking
the complement component 3 showed reduced elimination of parasites from the
adipose tissue. This suggests that the complement system may play an important
role in the clearance of highly parasitized extravascular compartments.

In addition to studying the immunological surveillance of the adipose tissue, we also
studied how adipocyte metabolism is modulated by a T. brucei infection. Here, we
show that during infection, white adipose tissue depots progressively reduce in size
and that this reduction correlates with loss of adipocyte lipid droplet volume (i.e. fat
containing organelle). In turn, this loss of adipose tissue weight is preceded by an
increase in ex vivo adipocyte lipolysis. This increase in lipolysis proved to be central
in loss of fat mass, as adipocyte-specific adipose tissue triglyceride lipase deficient
(Adipog“™®*Atgl"™) mice, which have reduced lipolysis, were more resistant to loss of

total fat mass and kept higher adipocyte lipid droplet volumes than wild-type (WT)
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littermate controls (Atgl"M). Moreover, adipocyte lipolysis showed host-protective
effects, as AdipogCe*-Atgl! mice succumbed earlier to infection than Atgl™/
controls. In addition to increased survival, our data suggest that increased lipolysis
improves local parasite burden control. On one hand, AdipogCe+-Atgl"f mice
present transiently higher adipose tissue parasite burdens than Atgl¥f controls. On
the other hand, chemical induction of adipocyte lipolysis in an in vitro adipocyte-T.
brucei co-culture system significantly reduces parasite growth. Lastly, we shed light
on the upstream signals that induce adipocyte lipolysis. Here, we found that T.
brucei promotes lipolysis in in vitro grown co-cultured adipocytes. In addition to
parasite cues, we found that T and B cells are central in the induction of fat mass
loss and that serum factor produce by these cells are able to induce adipocyte

lipolysis.

Overall, in this work we show that during a T. brucei infection a trypanocydal immune
response is mounted in the adipose tissue and that as infection progresses a loss

of fat mass occurs through host-protective ATGL-dependent adipocyte lipolysis.
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Introduction




1. Etiology of African trypanosomiasis

African trypanosomiasis is an infectious disease caused by several unicellular and
extracellular protozoan parasites of the Trypanosomatidae family?. This disease
affects humans and other mammals (e.g. domestic cattle) and is thus divided as
Human African trypanosomiasis (HAT) and animal African trypanosomiasis (AAT).
HAT is caused by two distinct T. brucei subspecies, namely T. brucei gambiense
and T. brucei rhodesiense!. On the other hand, AAT is caused by multiple
Trypanosoma species, including T. congolense, T. vivax and T. brucei?. The latter

includes the non-human infective subspecies T. brucei brucei?2.

2. Life cycle

As the sole etiological agent of HAT, T. brucei is the most studied African
trypanosome. T. brucei undergoes a complex lifecycle, alternating between a
mammalian host and the tsetse fly (Glossina spp.) arthropod vector! (Fig. 1). Within
the mammalian host, the parasite alternates between two morphologically distinct
forms. These are the highly replicative slender form and the cell-cycle arrested

stumpy form?*.

High levels of parasitemia trigger a process of quorum sensing that promotes
slender to stumpy parasite differentiation®. Although incompletely understood, this
process involves the release of parasite peptidases that cleave extracellular host
proteins®. In turn, the newly generated oligopeptides are taken up by the parasite’s
through the surface receptor TbGPR89, leading to downstream signaling that
culminates in stumpy differentiation’. This differentiation self-limits the parasite
virulence and prolongs host survival®®. Moreover, the resulting stumpy forms are
pre-adapted to the conditions found within the Tsetse fly vector and as such are
considered to be more efficiently transmitted from the mammalian to the arthropod
host!?. Interestingly, recent work has shown that stumpy forms may not be essential
for transmission and that slender forms are indeed capable of surviving and
differentiating inside the Tsetse fly'!. Upon being taken up during a blood meal, the
bloodstream forms of T. brucei are transported to the mid-gut of the Tsetse fly*.
Here, they differentiate into proliferative procyclic forms and cross the peritrophic

matrix on their way to the proventriculus where they differentiate into proliferative



epimastigotes®. These parasites then migrate to the salivary glands where they

undergo a final round of differentiation into mammalian-infective metacyclic forms®.

Metacyclic form

Procyclic form
(mid-gut)

Proliferative Non-dividing

Insect host

Mammalian host

Non-dividing Proliferative

\_/
Short, stumpy Long, slender
form (blood) form (blood)

Figure 1 — Simplified T. brucei life cycle: The parasite alternates between a mammalian
host (such as humans and cattle) and a tsetse fly (Glossina spp.). Within the mammalian
host the parasite has two distinct forms: replicative long slender form (pink) and a non-
dividing stumpy form (blue). Within the tsetse fly proliferative procyclic forms (green) are
found in the mid-gut and mammalian infective metacyclic forms (orange) are found the
salivary glands. Epimastigotes and other intermediate forms found within the tsetse fly are
not depicted. Originally from Lee et al. 2007.12

Upon a new blood meal, these metacyclic parasites are deposited on the dermis of
the host where they will differentiate into slender forms and repeat its life cycle
anew?,



3. Epidemiological evolution of HAT

HAT is geographically restricted to 36 nations in sub-Saharan African where the
Tsetse fly vector can be found in the wild, hence it is commonly referred to as the
Tsetse belt (Fig. 2)1. Despite 65 million people being considered to be at risk of
developing HAT, the number of reported cases has been in steady decline in the
past two decades®'314, Although likely underreported, in 2020 a record low 663
HAT cases were reported by the World Health Organization (WHO).
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Figure 2 — Geographical distribution of HAT cases in the tsetse belt: Reported cases
per km?per year of T. brucei gambiense (in red) and T. brucei rhodesiense (in blue) between
2010 and 2014. Geographical distribution of tsetse flies is depicted in yellow. Originally from
Buscher et al. 2017.1

This presents a sharp contrast to the more than 50.000 cases per year in the early
1940s!3, when yearly HAT case numbers started being reported by the WHO. In the
following two decades, control measures aimed at curbing transmission achieved a

reduction of over 90% in new HAT cases. A significant part of this enormous
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progress in HAT control was reversed in the ensuing decades. This regression of
HAT control coincided with a period of social instability and often armed conflict in
many African countries in the wake of independence from colonial rule, which
hindered HAT control efforts. Indeed, by the end of the 1990s more than 30.000
HAT cases were reported per year, with estimates increasing this number to as high
as 300.000%3. The reestablishment of HAT-control programs has led to the record
low in new cases currently observed and set the groundwork to achieve the WHO
goal to eliminate HAT by 2030%°. However, the resurgence of HAT in the 1970s
serves as a cautionary tale of how quickly HAT can re-emerge if left unchecked.

4. Pathology and treatment

HAT is a lethal disease if left untreated and it is classically divided into two main
stages. These are the initial hemolymphatic stage, characterized by the presence
of the parasite in the blood and lymphatic vessels and the subsequent
meningoencephalitic stage in which the parasite is also present in the central
nervous system (CNS). During the hemolymphatic stage the host experiences a
wide array of clinical presentations which include fever, nausea, severe weight loss,
skin lesions, lymphadenopathy, myalgia, headaches, and nocturnal hyperhidrosis?®.
After colonizing the CNS, the meningoencephalitic stage begins. In this stage the
patient experiences extensive neurological symptoms, which generate motor,
psychiatric and sleep disorders. These can include apathy, motor discoordination,
aggressiveness, uncontrollable tremors, and the disruption of sleep/wake cycles
due to which HAT is commonly referred to as “sleeping sickness”é. Unlike the
hemolymphatic stage, the meningoencephalitic stage occurs mainly in T. brucei
gambiense infected patients, as T. brucei rhodesiense-infected patients typically

succumb before the onset of neurological symptoms.

Until recently, treatment of HAT relied exclusively on intravenous administration of
pentamidine and suramin for patients in the hemolymphatic stage and melarsoprol,
eflornithine and nifurtimox for patients in the meningoencephalitic stage!#1S.
Treatment for meningoencephalitic stage HAT patients presents many serious side
effects and its administration is logistically challenging. Recently, oral administration
of fexinidazole has been used to treat both hemolymphatic and low-grade

meningoencephalitic HAT4,



5. Extravascular colonization

Classically, T. brucei has been regarded as a predominantly bloodborne pathogen.
In the past decade a wealth of knowledge has begun to shift this blood-centric
paradigm. Indeed, numerous extravascular spaces of different mammalian hosts
can be colonized by T. brucei'’. Interestingly, these different tissues appear to
support markedly distinct amounts of parasites. In the mouse model, organs like the
adipose tissue (AT) and pancreas show disproportionately high numbers of T. brucei
when compared to other organs, suggesting tissue-specific tropism'®19, The
implications of extravascular colonization are just beginning to be elucidated,
however the access to distinct extracellular milieus may endow the parasite with
selective advantages, by modulating transmission, survival, and proliferation'”2°,
Moreover, drug bioavailability may vary throughout tissues and as such certain
extravascular niches may contribute to disease recrudescence!’2°, Lastly, tissue
colonization further disrupts host homeostasis and may contribute to disease

progression and outcome.

5.1. CNS colonization

The CNS is the quintessential example of an extravascular niche for T. brucei
colonization?-22, The colonization of the CNS and ensuing inflammatory response
is directly correlated with the onset of neurological disorders, which associate with
a poor prognosis for the host!é. The advantage for CNS colonization for T. brucei is
unclear. It has been hypothesized that the parasite benefits from reduced immune
surveillance in the CNS, as this considered an “immune privilege” site where
immune activation is tightly limited to prevent irreversible damage to vital
structures?*. Accordingly, the stable maintenance of CNS-occupying T. brucei may
egress to the blood stream to re-establish systemic infection after blood-occupying
parasites have been eliminated by the immune system. Another possible advantage
for CNS colonization is that of increased transmission. In this instance, the induction
of a lethargic state and the increased sleeping time during the day (i.e active time

of most Glossinidae) provides undisturbed access for tsetse fly bloodmeals?®.



5.2. Skin colonization

The skin is first solid organ encountered by T. brucei during a natural infection, as
metacyclic parasites are deposited in the dermis before differentiation into

proliferative slender forms that migrate to the blood.

Extensive skin pathology has long been described as a common clinical
presentation in HAT patients?®. These have since been attributed to parasite
colonization of the dermis?’. No molecular mechanism has thus far been attributed
to T. brucei invasion of the skin. The biological relevance of T. brucei colonization
in the skin is likely related to increased transmission potential. Indeed, how T. brucei
is capable of being transmitted despite inducing low parasitemia during the majority
of infection has been a long-standing paradox. Accordingly, it is has been suggested
that T. brucei should have gone extinct if transmission relied solely on the uptake of
infected blood by the tsetse fly?8. Here, the skin may play a pivotal role in
transmission. The bite of a tsetse fly induces significant skin damage resulting from
its “slash and sucking” feeding behavior. In this process, the tsetse fly’s serrated
proboscis displaces significant pieces of epidermis and dermis tissue, which may
then may then be ingested?®. Moreover, recent work has shown that T. brucei could
be detected in skin biopsies of asymptomatic individuals and that T. brucei cultured
in artificial skin following a natural route of infection could acquire a quiescent
phenotype?’?°, These observations suggest that the skin may be pivotal in the
establishment of asymptomatic infections and for the maintenance of T. brucei

transmission.

5.3. Adipose tissue colonization

The AT was recently described as a major target for T. brucei colonization in
rodents. Here, T. brucei parasites were ubiquitously found in the interstitial spaces
of visceral and subcutaneous AT depots'®, as well as in close proximity to individual
dermal adipocytes?’. Parasite numbers in the AT are higher than those of other
internal organs and often higher than the blood. A myriad of factors may contribute
to this disproportionately high accumulation of parasites. On the one hand, a
selective mechanism of parasite tropism towards the AT tissue may result in a

continuous egress of T. brucei from the bloodstream into the interstitial spaces of



the AT. Indeed, while several endothelial adhesion molecules (e.g. E-selectin, P-
selectin and CD54) are required for overall tissue invasion, CD36 has been shown
to be specifically required for AT colonization!®. In addition to AT-specific tropism,
the immune surveillance mechanisms responsible for eliminating the parasite may
show decreased efficacy within the AT, promoting parasite accumulation. Lastly,
tissue specific adaptations of the parasite may contribute to increased survival
and/or proliferation. Interestingly, parasites extracted from the AT of infected mice
show a distinct transcriptomic profile when compared with their bloodstream
counterparts (=20% of genes differentially expressed)'®. These adipose tissue forms
(ATFs) of the parasite are able to use local fatty acids as a carbon source through
B-oxidation®, unlike their bloodstream form (BSF) counterparts which rely
exclusively on glycolysis®. In addition to these parasite adaptations, the modulation
of the AT itself may play an important role in disease pathology, as this organ is a
major player in metabolic homeostasis and endocrine regulation. These important
functions, together with the fact that loss of AT mass is a common clinical finding in

both HAT and AAT warrant further investigation of the relevance of AT colonization.

6. Adipose tissue biology

Research in the middle of the 20" century identified the AT as a site of energy
storage in the form of lipids that would provide the organism with free fatty acids
(FFAs) during periods of fasting3'. For a long time, it was believed that energy
storage was the sole function of the AT. This dogmatic view was contested upon the
discovery that the AT secretes a myriad of signaling proteins, collectively known as
adipokines®'32, These bioactive molecules include cytokines, hormones, and
enzymes. Adipokines such as tumor necrosis factor alpha (TNFa), interleukin (IL)-
6, leptin, adiponectin and adipsin (complement factor D) can exert endocrine,
paracrine, and autocrine functions, and as such can play important roles in disease

settings33-3%,

Unlike most tissues, the AT is distributed into discrete depots across the mammalian
organism (Fig. 3). The majority of these depots fall within two categories depending
on their anatomical location: visceral and subcutaneous®3’. The distribution of
these depots varies significantly between species and even within species

according to sex3¢-38, Indeed, although most AT in humans is subcutaneous, men



typically present higher visceral adiposity than women32, which is associated with
poorer metabolic health31,36-38,
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Figure 3 — Adipose tissue distribution in humans and mice: Discrete adipose tissue
depots divided according to anatomical location (visceral and subcutaneous) and
thermogenic capacity (white, brown and beige). Originally from Cheong et al. 2021.%°

Each AT depot is composed by a complex mixture or distinct cells, which include
adipocytes, immune cells, endothelial cells, neurons, glial cells and stem-cells.
Adipocytes are large cells composed mainly of triacylglycerol (TAG)-containing lipid
droplets®’. These cells show phenotypical diversity and can be classified as three

classes: white, brown and beige adipocytes (Fig. 4).

6.1. White adipocytes

White adipocytes are the predominant adipocyte class. They are the main
component of most AT depots. These adipocytes present a single lipid droplet that
accounts for over 80% of the cells’ volume. These cells are essential for the
maintenance of metabolic homeostasis. Specifically, during times of positive energy
balance they generate and store TAG through lipogenesis and de novo
lipogenesis*®4t, Conversely, during periods of negative energy balance (e.g.
fasting) the store TAG e broken down and its hydrolysis products are exported to
peripheral tissues where they are further metabolized for energy production??.



6.2. Brown adipocytes

Unlike their white counterparts, brown adipocytes have a multilocular morphology,
showing multiple small lipid droplets. Due to their high mitochondrial (and
consequentially iron) content, these cells present a macroscopic brownish hue3?,
Although these cells are also rich in TAG content, their primary role is not that of
energy storage. Instead, brown adipocyte use the FFAs resulting from TAG
hydrolysis to produce heat*®. To achieve this, FFAs undergo mitochondrial B-
oxidation in mitochondria with uncoupled electron transfer chains. This uncoupling
occurs through the action of the specialized uncoupling protein (UCP)-144. This
process divert proton pumping through ATP-synthase and consequent storage of
energy in the form of a chemical bond in ATP and instead forces the energy
generated by crossing proton to dissipate in the form of heat*344. This process is
known as non-shivering thermogenesis and together with shivering-thermogenesis
(i.,e. in skeletal muscle) is important for optimal temperature regulation in

mammals*345,

6.3. Beige adipocytes

Beige adipocytes are a plastic cell type found predominantly in white subcutaneous
ATs?*. Upon appropriate induction, such as through sympathetic stimuli, these cells
upregulate UCP-1 and perform thermogenic functions*. Under steady state
conditions these cells can also accumulate lipids in the form of TAG. Beige
adipocytes are generally considered an intermediate phenotype between white and

brown adipocytes*6-47,
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Figure 4 — Morphological and phenotypic adipocyte properties: Three main adipocyte
categories classified based on their expression of UCP1, mitochondrial density, lipid droplet
morphology and main function. UCP-1 (uncoupling protein 1); Adapted from Lee et al.
2021.48

7. Adipocyte lipid anabolism

Limiting the amount of circulating and extracellular FFAs is of significant importance
for mammals. Failure to efficiently limit the amount of extracellular FFAs results in
systemic inflammation, ectopic fat accumulation (i.e. in non-adipose organs) as well
as cellular oxidative and endoplasmic reticulum stress*®. In turn, these contribute
the development and progression of insulin resistance, cardiovascular and hepatic
diseases*®2. White adipocytes are specialized in lipid uptake and their de novo
synthesis, thus removing toxic lipids from circulation. This enables the safe storage
of lipids as acylglycerol species inside lipid droplets until adipocytes become
hypertrophied and their storage capacity is exceeded®3.

To remove circulating lipids, adipocytes secret lipoprotein lipase (LPL) which is
ultimately transported to the lumen of neighboring capillary endothelial cells®*. Here,
LPL hydrolyzes TAG carried by chylomicrons and very-low density lipoproteins and
the resulting FFAs and monoacylglycerol MAG are transported to the interstitial
spaces of the AT and then internalized by adipocytes. Once intracellular, these
FFAs are converted by acyl coenzyme A (CoA) synthetase (ACS) into FA-CoAs>5:56,
In turn, these are converted to lysophosphatidic acids by glycerol-3-phosphate
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acyltransferase, which are then converted to phosphatidic acids through the addition
of one more FA-CoA by acylglycerolphosphate acyltransferase /. These
intermediate species are then converted to diacylglycerol (DAG) through
phosphatidic acid phosphatase activity®”. To a lesser extent, FA-CoA and
monoacylglycerol can be converted to DAG by MAG acyltransferase 8. DAG
molecules and additional acylated FAs are then converted to TAGs by DAG
acyltransferase (DGAT)®°. Overall, uptake and re-esterification of FFAs is the major

source of adipocyte TAG®°,

In addition to re-esterification of FFAs, adipocytes also synthesize TAGs through de
novo lipogenesis. Here, adipocytes import interstitial glucose through glucose
transporter type 4. Glucose is then converted to pyruvate through glycolysis which
is then shuttled to the mitochondrion and incorporated in the tricarboxylic acid (TCA)
cycle. Citrate, a TCA intermediate, is exported to the cytoplasm where it is re-
converted into CoA by ATP-citrate lyase®l. The resulting CoA is converted to
malonyl-CoA by acetyl-CoA carboxylase, which is then used to synthesize palmitate
(C-16) by FA synthase (FASN)®Z, In turn, palmitate can be used to synthesize longer
FAs or to synthesize TAG through the pathway described above for FFAs obtained
via LPL activity.

Collectively these lipogenic pathways promote fat accumulation and adipocyte

volume expansion.

8. Adipocyte lipid catabolism

In periods of negative energy balance or after specific stimulation, adipocytes
mobilize their stored energy to meet whole-organism energy demands. However,
there are no TAG transporters to enable its export from the intracellular
compartments of the adipocyte to the extracellular milieu. To enable the export of
lipid stores the adipocyte employs two distinct strategies. These are extracellular

vesicle (EV)-mediated TAG export and lipolysis*2.
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8.1. Exocytosis of TAG-carrying EVs

EV-mediated TAG export has been reported in sebocytes®?, cuboidal epithelial cells
(i.e. in lactating mammary glands)®® and more recently in adipocytes®4. In this
process, the adipocyte sheds EVs composed by a phospholipid bilayer originating
from the plasma membrane, an inner phospholipid monolayer made originating for
the lipid droplet membrane and a central core rich in TAG®%4. Most of these EVs are
readily internalized by local macrophages and accounts for approximately 2% of
total lipid daily lipid export from adipocytes®. Accordingly, whether these EVs can
be exported to other tissues and how they contribute to whole-organism metabolic

homeostasis remains to be elucidated.

8.2. Lipolysis

The other, and more relevant, mechanism to mobilize fat stores is lipolysis. Here,
TAG molecules are first hydrolyzed into individual FFAs and glycerol molecules,
which are then exported through plasma membrane transporters. Adipocyte

lipolysis occurs through two major pathways: acid and neutral lipolysis®®.

8.2.1. Neutral lipolysis

Neutral lipolysis is the major mechanism of fat mobilization from adipocytes. This
process is catalyzed by three lipases: adipose tissue triglyceride lipase (ATGL),
hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MGL)%%%5 ATGL
converts TAG into DAG and a FFA®%, Hormone-sensitive lipase converts DAG into
MAG and a FFA, and to a lesser extent is also able to convert TAG into DAGS7:68,

Lastly, MGL hydrolyses MAG into a FFA and a glycerol molecule®-"2,

8.2.1.1. Regqulation of neutral lipolysis

Regulation of adipocyte neutral lipolysis is essential to maintain metabolic
homeostasis. In conditions of positive energy balance (i.e. fed state) adipocyte
neutral lipolysis occurs at very low rates. This state lipolytic state is known as basal
lipolysis. During periods of negative energy balance (i.e. fasting), adipocyte neutral
lipolysis is activated, a status known as induced lipolysis. A myriad of stimuli activate

neutral adipocyte lipolysis. Indeed, sympathetic nervous system input (i.e.
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norepinephrine)’?, inflammatory mediators (e.g. TNFa, I1L-6)"3-"¢ hormonal queues
(e.g. epinephrine, T3/T4)’>77 and toll-like receptor agonists are known inducers of
adipocyte neutral lipolysis in humans and rodents. Conversely, insulin which is
secreted by pancreatic B-cells after feeding, is a potent inhibitor of adipocyte neutral

lipolysis’®.

8.2.1.2. Post-translational regulation

Activation of adipocyte neutral lipolysis occurs mainly through post-translational
modifications of neutral lipases (Fig. 5). Arguably, the most studied mechanism of
adipocyte neutral lipolysis induction is through catecholamines (i.e. epinephrine and
norepinephrine). Here, catecholamines bind to B-adrenergic receptors and activate
G-protein-coupled receptors which activate downstream adenylate cyclases
(ACs)"?80, These ACs quickly convert adenosine triphosphate (ATP) into cyclic
adenosine monophosphate (CAMP) inducing protein kinase A (PKA). Activated PKA
phosphorylates multiple serine residues of HSL8! and perilipin(PLIN)-182. One the
one hand, HSL phosphorylation promotes its activation and translocation to the lipid
droplet’s surface. On the other hand, PLIN1 phosphorylation induces its dissociation
from comparative gene identification (CGI)-58. The released CGI-58 is then able to
bind lipid droplet-bound ATGL, activating its enzymatic activity. Unlike ATGL and

HSL, no post-translational modifications have been identified for MGL.

Phosphorylation of HSL can also be promoted through the mitogen-activated protein
kinase (MAPK) pathway®. In this instance, cytokines such as TNFa and IL-6 or
bacterial products such as lipopolysaccharide and peptidoglycans activate their
cognate receptors of the surface of adipocytes, leading to phosphorylation of
extracellular-signal regulated kinase (ERK) 1 and 276:84-87,

Inhibition of adipocyte neutral lipolysis occurs primarily through reduction of
intracellular levels of PKA-activating cAMP. The best-described physiological
inhibitor of adipocyte neutral lipolysis is insulin”8-91 nsulin binds to the insulin
receptor resulting in phosphorylation of the insulin receptor substrate and
subsequent phosphorylation of phosphatidylinositol-3 kinase (PI3K)%°1, Activation
of PI3K induces downstream activation of the phosphoinositide-dependent kinase 1

and protein kinase B (i.e. also known as serine/threonine kinase or AKT) 991, This
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signaling cascade culminates with the activation of phosphodiesterase 3B which
converts CAMP into AMP, thus deactivating the lipolysis inducing PKA®?,
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Figure 5 — Post-translational regulation of neutral lipolysis: AC and GC are activated
downstream of B-AR and ANP receptor activation respectively, resulting in increased cAMP
and cGMP and downstream activation of PKA and PKG. Activated PKA and PKG
phosphorylate HSL and PLIN1, resulting in HSL translocation to the lipid droplet and
dissociation of CGI-58 from PLIN1. Alternatively, ERK1/2 activated downstream of mitogen
and cytokine signaling may also phosphorylate HSL. Dissociated CGI-58 binds to ATGL
increasing its activity, which is further enhanced by interactions between CGI-58 and
FABP4. ATGL is inhibited by interactions with the transcriptionally regulated proteins G0S2
and HILPDA. Insulin and IGF1 receptor activation inhibits lipolysis through sequential
activation of IRS, PI3K, PKB and PDE3B. PDE3B converts cAMP into AMP preventing PKA
activation. Adenosine activates AA1R which inhibits AC, decreasing cAMP levels. AC
(adenylate cyclase); GC (guanylate cyclase); B-AR (B-adrenergic receptor); ANP (atrial
natriuretic peptide); cAMP (cyclic adenosine monophosphate); cGMP (cyclic guanosine
monophosphate); PKA (protein kinase A); PKG (protein kinase G); HSL (hormone sensitive
lipase); PLIN1 (perilipin-1); LD (lipid droplet); CGI-58 (comparative gene identification-58);
ERK (extracellular-signal regulated kinase); ATGL (adipose triglyceride lipase); FABP4
(fatty acid binding protein 4); G0S2 (G0/G1 Switch 2); HILPDA (hypoxia inducible lipid
droplet associated); IGF (insulin-like growth factor-1); IRS (insulin receptor substrate); PI3K
(phosphatidylinositol-3-kinase); PDK-1 (phosphoinositide-dependent kinase-1); PKB
(protein kinase B); PDE3B (phosphodiesterase 3B); AA1R (adenosine Al receptor).
Originally from Garbner et al. 2021.4?
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8.2.1.3. Transcriptional regulation

Regulation of transcript abundance of neutral lipases and their regulatory elements
plays a significant, yet poorly understood, role in the regulation of adipocyte neutral
lipolysis (Fig. 6). In addition to inducing HSL phosphorylation, activation of ERK1
and 2 results in decreased expression of the genes coding for GO/G1 switch gene
2 and fat-specific protein-27, two potent inhibitors of ATGL activity®?-°4. Moreover,
although no reports show PLIN 1 phosphorylation by ERK1/2, the activation of this
MAPK pathway induces downregulation of PLINL1. In turn, this reduces the overall
quantity of PLIN 1 available to buffer CGI-58%, which may contribute to ATGL

activation.

Activation of other MAPK signaling pathways through Janus kinase 2 and ERKS3
result in the activation of two transcription factors: signal transducer and activator of
transcription (STAT) 5 and forkhead box protein O-1 (FOXO1). In turn, activation of
STAT5 and FOXO-1 leads to increase Pnpla2 (ATGL coding gene)®°7.

Conversely, insulin dependent PKB and cyclin-dependent kinase-1 phosphorylation
of FOXO-1 prevents its translocation to the nucleus®. This inhibitory mechanism is
amplified during states of high nutrient abundance through PKB activation by
mechanistic target of rapamycin complex 2%. Moreover, insulin activates the Snaill
transcription factor, which suppresses Pnpla2 transcription by binding the E2-box

sequences in the Pnpla2 promotert®,

Other modulators of Pnpl2 and Lipe (coding for HSL) expression are suggested by
a multitude of studies. These include the peroxisome proliferator-activated receptor
(PPAR) and CCAAT/enhancer binding protein a, which induce a net increase in
Pnpla2 and Lipe transcript levels®%10%.192_ On the other hand, the transcription factors
specificity protein 1 and transcription factor E3 exert a net decrease in Pnpla2 and
Lipe transcript levelst®193 Moreover, Lipe transcript levels have been shown to be
increased by the transcription factors sterol regulatory element-binding protein 1c,

liver X receptor and retinoid X receptor®4105,
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Figure 6 — Transcriptional regulation of neutral lipolysis: Pnpla2 (ATGL) is inhibited by
Snaill, SP1, TFE3 and activated by phosphorylated STAT5, FOXO1, EGR1, PPAR,
CEBPa. Lipe (HSL) is inhibited by SP1, TFE3 and activated by PPAR, CEBPa, LXR and
RXR. GHR activation activates MAP-ERK1/2 pathway, leading to decreased transcript
levels of GOS2 and FSP27. STATS is phosphorylated by JAK2, which is activated following
GHR activation. Nutrient abundance inhibits Pnpla2 expression through EGR1 inhibition by
MTORC1 and by preventing FOXO1 deacetylation through Rictor-mediated Sirt inhibition.
IR and mTORC2 activation of PKB and CDK-1 promote FOXO1l phosphorylation,
preventing its nuclear translocation by interacting with 14-3-3 protein. SP1 (specificity
protein 1); TFE3 (transcription factor E3); STAT5 (signal transducer and activator of
transcription 5); FOXO1 (forkhead box protein O-1); EGR1 (early growth response protein-
1); PPAR (peroxisome proliferator-activated receptor); CEBPa (CCAAT/enhancer binding
protein); LXR (liver X receptor); RXR (retinoid X receptor); GHR (growth hormone receptor);
MAP (mitogen activated protein); ERK (extracellular-signal regulated kinase); G0S2 (G0/G1
Switch 2); FSP27 (fat-specific protein 27); JAK2 (Janus kinase 2); mTORC (mechanistic
target of rapamycin complex); Rictor (rapamycin-insensitive companion of mTOR); Sirt
(sirtuin) PKB (protein kinase B); CDK-1 (cyclin-dependent kinase 1). Originally from
Garbner et al. 2021.42
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8.2.2. Acid lipolysis

Acid lipolysis occurs during macrolipophagy and microlipophagy (i.e. forms lipid
autophagy). In macrolipophagy portions of the lipid droplet are engulfed by portions
of the endoplasmic reticulum containing microtubule-associated protein 1A/1B-light
chain 3%, These lipoautophagosomes then fuse with lysosomes containing
lysosomal acid lipase (LAL) forming acidified autolysosomes. In microlipophagy,
TAG is transferred directly between the lipid droplet and the lysosome through Ras-
related in brain proteins#%%°>197 In both macrolipophagy and microlipophagy, TAG is
hydrolyzed into three FFAs and a glycerol molecule within acidified compartments
by LAL%63, Unlike neutral lipolysis, the extracellular release of lipolytic generated
during acid lipolysis does not require membrane transporters. Instead, lysosomal
membranes fuse with the plasma membrane and release the lysosomal contents

into the extracellular milieu through lysosomal exocytosis!®,

8.2.2.1. Regqulation of acid lipolysis

Unlike its neutral lipase counterparts, known regulation of Lipa (LAL coding gene)
relies mainly on transcriptional control. Here, transcription factors known to induce
Pnpla2 and Lipe transcription also induce Lipa expression. During starvation,
activation of AMP-activated protein kinase and inhibition of mechanistic target of
rapamycin signaling lead to the translocation of several transcription factors to the
nucleus. Among these, FOXO-1, transcription factor EB and PPARs are positive

modulators of Lipa expression109-112,

8.3. Adipocyte lipolysis in pathogenesis

Cytosolic lipolysis has been increasingly studied in different pathologies, having
both beneficial and deleterious effects depending on the context. One such
pathology is cachexia, a progressive hyper-catabolic wasting syndrome in which the
afflicted individual experiences extensive loss of fat mass before undergoing
skeletal muscle loss'*3115 This disorder cannot be reversed solely through
nutritional interventions and constitutes a poor prognosis factor observed in the late

stage of many diseases!'3. In the context of cancer associated cachexia (CAC),
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activation of ATGL and HSL-dependent lipolysis has been associated with the

development of cachexial?®.

In conditions of overweight and obesity, visceral adipocytes become hypertrophied
and exhaust their fat storage capacity!'’. This leads to excessive fatty acid efflux,
resulting in ectopic fat accumulation, especially in insulin sensitive tissues such as
the liver and skeletal muscle. In turn, this disruption in lipid homeostasis is
associated with an increase in insulin resistance and a decrease in glucose
tolerance, which are hallmarks of type 2 diabetes mellitus''8. Moreover, continuous
hepatic uptake of adipocyte’s lipolytic products leads to non-alcoholic fatty liver
disease!'®. This highly prevalent condition is predominantly asymptomatic but may
progress into nonalcoholic steatohepatitis and ultimately lethal hepatic cirrhosis and

malignancies.

8.3.1 Adipocyte lipolysis in infection

Activation of adipocyte lipolysis is frequently observed in the context of infectious
diseases. Indeed, this has been described in the context of bacterial, viral and
parasitic diseases and is likely implicated in the loss of fat mass often observed

during infections.

Several intracellular pathogens have been shown to induce intracellular lipolysis to
fuel their replication. This body of work has been generated in a plethora of different
host cells with few studies using adipocytes as the host cell. One such study has
shown that in vitro infection of 3T3-L1 adipocytes with Chlamydia pneumoniae
results in an HSL-dependent increased secretion of glycerol and FABP4120.121,
Chemical inhibition or genetic ablation of HSL results in impaired C. pneumoniae
growth'2%, Interestingly, this induction of adipocyte lipolysis may be a contributing
factor to the clinical link between C. pneumoniae infection and metabolic syndrome

prevalencel?2123,

Mycobacterium tuberculosis, another highly prevalent bacterial pathogen, has been
shown to colonize and modulate the AT?4125, This modulation includes increased
adipocyte lipolysis, which was associated with the development of insulin
resistance!?®. Despite this negative impact of AT modulation, mice devoid of a
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functional AT present higher lung bacterial burdens and pathology, suggesting a net

protective role for the AT during M. tuberculosis infection'?’.

It has been a long-standing observation that HIV infected individuals develop severe
lipoatrophy associated with general lipodystrophy. While the wider lipodystrophy
phenotype has been associated with the use of earlier generation thymidine
analogue nucleoside reverse transcriptase inhibitors'?®, the lipoatrophy phenotype
had been documented prior to the introduction of these drugs and is still observed
in people treated with new generation anti-retroviral therapy!?®-131, This can be
partially explained by the adipose dysfunction induced by viral protein R encoded
by HIV, which promotes adipocyte Pnpla2 (ATGL) expression and induces
lipolysis'®?. The impact of adipocyte lipolysis on viral load and host resistance

remains to be elucidated.

Unlike T. brucei, T. cruzi is able to infect host cells and proliferate intracellularly.
Although macrophages are the preferred target cell for T. cruzi, it is well established
that this parasite is also able to infect and proliferate within adipocytes33-13¢,
Concomitant to this AT colonization, a progressive reduction of adipocyte size and
increased immune infiltration is observed!®*’. Moreover, modulation of AT
metabolism has been shown to worsen cardiac pathology'®®. Although these
presentations suggest an increase in adipocyte lipolysis, to date no study has
reported the release of lipolytic products from T. cruzi infected AT. In fact, AT from
T. cruzi infected mice present a simultaneous reduction in the expression of lipolytic

and lipogenic genes!37.138,

Despite not colonizing the AT, the large extracellular parasite Echinococcus
granulosus is able to modulate adipocyte metabolism. Specifically, transcriptomic
analysis of the subcutaneous WAT of E. granulosus infected mice suggested an
upregulation of adipocyte lipolysis concomitant with a reduction of de novo

lipogenesis which correlated with a decrease in overall adipocyte volume?®®,
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9. Immunity and immune evasion

During infection, host and parasite perform a continuous arms race that balances
parasite proliferation and elimination. The mammalian host employs innate and
adaptive cellular and humoral immune responses to eliminate the majority of T.
brucei parasites. Although this complex immune response has a high trypanocidal
capacity, the parasite has developed a series of virulence mechanisms that prevent

its complete elimination4°,

9.1. Immune response to T. brucei

A natural T. brucei infection begins with the deposition of metacyclic parasites in the
dermis of the host during a tsetse fly blood meal. In the dermis, metacyclic parasites
encounter host phagocytes, namely neutrophils and macrophages. In this early
stage of infection, these phagocytic cells lack proper activation stimuli. This,
together with low concentration of T. brucei-binding opsonins results in a very low
phagocytic efficiency. Accordingly, only parasites with reduced motility and viability
are seen internalized by these phagocytic cells in the dermis!4t. The low rate of
trypanosome killing in the dermis enables T. brucei to differentiate from cell-cycle
arrested metacyclic forms to bloodstream slender forms, which then invade and
quickly proliferate in the blood. In the bloodstream, T. brucei encounters innate and
adaptive humoral responses. In non-primate mammalians hosts this response relies
on the production of antibodies and complement factors, while several primates

employ an additional innate trypanosome lytic factor (TLF).

9.1.1. Trypanosome Lytic Factor

It is a long-standing observation that many animal-infective T. brucei parasites lyse
soon after being incubate with human blood or serum. As such, since the early 20t

century it has been recognized that human sera contain a TLF42.

TLF is a high-density lipoprotein which contains apolipoprotein L-1 (APOL1),
apolipoprotein A-1 (APOAI) and hemoglobin binding haptoglobin-related protein
(HPR)!#3, Upon endocytosis, APOL1 is trafficked in acidic endosomal
compartments. Here, it forms inactive cation-selective channels in the endosomal

membranes. Upon fusion of these endosomes with the plasma membrane during
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endosomal recycling, these channels are activated by pH-neutralization and enable
potassium efflux concomitants with the influx of chloride and water'#43. The resulting
osmotic imbalance leads to swelling and cell lysis. This highly efficient trypanolytic
mechanism grants sterile immunity of TLF-expressing primates (e.g. humans) to

TLF-susceptible Trypanosomes (e.g. T. brucei brucei)44145,

Human-infective T. brucei gambiense and T. brucei rhodesiense have developed
distinct strategies to inactivate TLF. T. brucei gambiense increases endosomal
membrane stiffness through the expression of a T. brucei gambiense-specific
glycoprotein (TgsGP), preventing APOL1 insertion'46147 T, brucei rhodesiense
synthesizes an APOL1-binding protein encoded by the serum resistance associated

(SRA) gene. This binding prevents APOL1 endosomal insertion148.149,

9.1.2. Immunoglobulins and complement

In the case of TLF-competent hosts infected with TLF resistant T. brucei, or in TLF-
deficient hosts, control of the parasite relies instead in the synergistic humoral
response by antibodies and the complement system. Here, a strong antibody
response against the parasite’s variant surface glycoprotein (VSG) is required for
parasite elimination'®®, VSG is a glycosylphosphatidylinositol-anchored protein
tightly packed on the parasite’s surface and is the most abundant T. brucei protein,
with each parasite presenting approximately 10 million VSG molecules on its
surface®™!. This humoral response begins with a largely T cell-independent
proliferation of B cells in the spleen and lymph nodes!®2. These B cells produce a
polyclonal anti-VSG immunoglobulin M (IgM) response that is essential to control
parasitemial®3, by enabling host phagocytes to recognize and internalize the
parasite'®*. This elimination is dependent on phagocytosis, particularly by host
macrophages, as evidenced by the increased susceptibility of mice to T. brucei
following macrophage depletion with clodronate-loaded liposomes!®®1%, However,
macrophages lack the FcuR required for IgM-binding'®"1%8 and instead rely on
classical activation of the complement system®°. This results in deposition of
complement factors on VSG-bound IgM followed by conversion of complement
component 3 (C3) into C3a and C3b. The latter is a potent opsonin which binds to
several macrophage receptors, such as complement receptor 1 (CR1), CR3, CR4

and CRIg, promoting phagocytosis'®®. Mice deficient for C5, which are unable to
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form membrane attack complexes, are equally capable of controlling T. brucei as
complement competent micel6:162, Accordingly, opsonization and pleotropic
immune-activating properties are the mechanisms that enable optimal trypanocidal

activity.

Shortly after this initial IgM response, a T-cell dependent B cell response takes
place. Here, cluster of differentiation 4 (CD4) positive T follicular helper cells enable
B cells to undergo antibody class switch recombination and subsequent affinity
maturation'®3. This results in the production of highly specific 1gGs, that enable

parasite phagocytosis through FcyR binding*64.

9.1.3. Antigenic variation

To avoid sterilization by this humoral immune response, the parasite has developed
an immune evasion strategy to reduce antibody effectiveness. To this end, T. brucei
employs 2000 genes and gene-fragments capable of encoding antigenically distinct
VSGs, encompassing roughly 30% of the parasite’s genome®®°. During T. brucei
expansion, a low frequency and likely stochastic event enables the switch from
expressing one VSG to an alternative one. VSG switching can take place by
replacing the VSG gene at the active dedicated expression locus (called
bloodstream expression site, BES) or by transcriptionally silencing the active BES
and activation of a second BES%0165, Thus, the antigen-specific immune response
mounted against the T. brucei parasites expressing the population-dominant VSG
are unable to target and eliminate parasites presenting this new VSG coat. This
process is classically known as antigen variation and it is essential for parasite
virulence, as individual parasites expressing the initially dominant VSG are

negatively selected by the host’s immune response.

9.1.4. Immunocomplex endocytosis

Another major virulence mechanism employed by T. brucei to circumvent the host’s
immune response relies on active removal of VSG-bound antibodies. Antibody
binding to VSG, especially bulky IgMs, creates a large VSG-lg immunocomplex68.
The high surface area of these immunocomplexes generates a molecular sail effect,
where a hydrodynamic drag force generated during the parasite’s forward swimming
motion propels the immunocomplex towards the flagellar pocket (FP). In the FP,
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these complexes are endocytosed and then eliminated. This process is modulated
by multiple biophysical properties, such as the VSG-Ig complex size, the milieu’s
viscosity and the parasite’s forward swimming velocity66:167, As a result of the fast
elimination of surface bound antibodies, a higher antibody titer is required before a
critical Ig concentration is reached and the parasite eliminated. Although this
mechanism of antibody clearance is central in the evasion of T. brucei to the humoral
immune response, recent work has suggested that primate hosts may also exploit
this mechanism to efficiently deliver TLF to the parasite. Here, germline-encoded
polyreactive IgMs bind simultaneously VSG and TLF (i.e. HPR portion), forming an
IgM-VSG-TLF immunocomplex that is rapidly endocytosed in the FP1¢ and

consequently killing TLF-sensitive parasites.

9.1.5. Phagocytes

Antibody responses by themselves have no lytic capacity against T. brucei. To
achieve parasite elimination, the host requires phagocyte activity. These
phagocytes comprise macrophages, monocytes, and neutrophils. Unlike
macrophages and monocytes, neutrophils appear to exert no overt protective role
in T. brucei infections and are even reported to promote early dissemination
following intradermal infections'4l. Indeed, macrophages/monocytes are essential
for T. brucei elimination and their depletion using chlodronate-containing liposomes
results in increased parasitemia and reduced survival'>>1% They achieve parasite
elimination through the production and release of highly trypanocidal nitric oxide and

phagocytosis6®-171,

9.1.6. T cell response

T cell responses are essential for host resistance to T. brucei. These can be divided
into two categories: cytotoxic or helper T (Th) cell responses. Cytotoxic T cell
responses are carried out by CD8+ T cells and specialize on the elimination of
intracellular pathogens!’2. They target cells that present non-self antigens in a major
histocompatibility complex class | (MHC-I) context cognate to their T cell receptor
(TCR). This interaction induces CD8+ T cell release perforins and granzymes and
enables Fas-Fas ligand (FasL), resulting in apoptosis of infected cells. Owing to the

nature of T. brucei as an exclusively extracellular parasite, no direct cytotoxic activity
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of CD8+ T cells contribute to parasite clearance!’2. Moreover, CD8 deficient mice
infected with T. brucei present an overall reduction in parasitemia and increased
survival, suggesting a detrimental role for CD8+ T cells during a T. brucei

infection173.174,

Th responses are carried out by phenotypically diverse CD4+ T cells. Depending on
the activation stimuli leading to the activation of these CD4+ T cells, they will acquire
different effector functions. These functions are determined by the release of
specific cytokines and through the expression of immunomodulatory surface
molecules. The study of Th heterogeneity has so far yielded seven distinct Th types:
Thi, Th2, Th9, Thl17, Th22, T follicular helper (Tfh) and regulatory T (Treg) cellst’.
Each Th type has a distinct function, ranging from the elimination of unicellular
pathogens to large helminths, as well as playing pivotal roles in tissue repair and
direct B cell support!’.

CD4+ T cells have no known direct trypanocidal capacity. Instead, they are essential
for optimal activation both innate immune cells and B cells. Specifically, a T helper
1 (Thl) response is protective during a T. brucei infection. This response is
characterized by the production of high levels of TNFa and IFNy, promoting the
differentiation of macrophages into a protective nitric oxide-producing M1 phenotype
and promoting class-switch recombination of IgM-producing into IgG2a and 1gG3-
producing B cells’®-178  Indeed, mice deficient for TNFa (i.e. particularly its

membrane-bound form), IFNy or CD4+ T cells show reduced parasite

Although parasite elimination by the immune system is a desirable outcome, it
occurs at the cost of extensive immunopathology. This consists in extensive tissue
secondary damage resulting from the immune response primed against T. brucei.
Immunopathology, and not pathogen load per se, is often the main contributor to
overall disease severity and ultimately host death'®. As such, the immune system
attempts to limit the intensity of immune responses to prevent excessive damage to
self. To this end, Treg cells limit immune cell effector functions by release the anti-
inflammatory cytokines interleukin (IL)-10 and transforming growth factor beta
(TGFB)®+18_ Moreover, Tregs are able to suppress antigen-presenting cell (APC)

activity through direct cell-cell interactions by binding APC surface CD80 with
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cytotoxic T-lymphocyte associated protein 4 (CTLA4). Experimental activation of
Treg cells has been shown to prolong survival of T. brucei infected micel®.
Conversely, mice deficient for IL-10, a cytokine produced abundantly by Tregs and
other cells, succumb to severe immunopathology early during infection'®’,
Accordingly, fine-tuning of pro and anti-inflammatory pathways is required to
achieve good pathogen elimination in the absence of excessive immunopathology.
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T. brucei has evolved multiple strategies to avoid elimination by the host’s immune
system while simultaneously self-limiting its growth in order to prolong its host’s
survival and consequently increase the likelihood of transmission. To achieve this,
T. brucei employs mechanisms of antigenic variation, quorum sensing and
immunocomplex clearance. Although essential to the parasite’s survival and
transmission, these may be only part of the strategies employed by T. brucei to

maintain its transmission across hosts.

The recent re-appreciation of extravascular spaces of tissues as major targets of
colonization by T. brucei has raised several important questions on the relevance of
tissue colonization in parasite survival, transmission and pathology. This
extravascular colonization is not homogeneous between different organs. Of note,
the AT harbors particularly high amounts of T. brucei parasites when compared to
most other organs. In turn, this raises questions on which properties of the AT
enable such high parasite accumulation and how this accumulation per se

modulates normal AT function and ultimately pathology.

Accordingly, the work presented in this dissertation aims at understanding two major
questions: First, we aimed to understanding whether a permissive immune
environment is responsible for the extensive colonization of the AT. Second, we
aimed to understating if and how a T. brucei infection modulates AT metabolism and

in turn how this affects pathology and parasite growth. Thus, our aims are to:

I.  Characterize the accumulation of cellular and humoral components of the
iImmune response in the AT, and how this compares to the blood.
[I. Identify any immune factor differentially involved in parasite elimination from
the AT but not from other organs and/or blood.
[ll. Identify metabolic pathways responsible for the loss of AT weight during
infection, and assess how these pathways are modulated.
IV. Characterize the impact of these metabolic alterations on pathology and

parasite behavior.
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Ethics statement

All experimental animal work was performed in accordance with the Federation of
European Laboratory Animal Science Associations (FELASA) guidelines and was
approved by the Animal Care and Ethical Committee of the Instituto de Medicina
Molecular Jodo Lobo Antunes (under the licenses AWB_ 2016 07 _LF_Tropism and
AWB 2021 11 LF_TrypColonization).

Animals

In vivo experiments were performed with male C57BL/6J mice, from Charles River
Laboratories International, unless otherwise stated. Rag2-deficient (Rag2-/-) and
Jht-deficient (Jht-/-) mice, generated on a C57BL/6J background, were obtained
from Instituto Gulbenkian de Ciéncia (IGC, Portugal). Ifng-deficient (Ifng-/-),
generated on a C57BL/6J background, were kindly provided by Bruno Silva-Santos
laboratory from Instituto de Medicina Molecular (iMM, Portugal). C3-deficient (C3-/-
), generated on a C57BL/6J background, were kindly provided by Miguel Prudéncio
laboratory from Instituto de Medicina Molecular (iMM, Portugal). Adipocyte-specific
ATGL deficient (Adipogce+-Atgl"M) mice, adipocyte-specific HSL deficient
(Adipog®e’+-Hsl"M) mice and respective Atgl"f and Hsl¥f control mice were kindly
provided by Rudolf Zechner (University of Graz, Austria). All experimental mice were
7-12 weeks old, unless otherwise stated. Jht-deficient mice were 9-21 weeks old,
as well as the WT controls in such experiment. Mice were housed in a Specific-
Pathogen-Free barrier facility, at iMM, under standard laboratory conditions: 21 to
22°C ambient temperature and a 12h light/12h dark cycle. Chow and water were

available ad libitum.

Infection

T. brucei cryostabilates were thawed and parasite viability by its motility was
confirmed under an optic microscope. Mice were infected by intraperitoneal (i.p.)
injection of 2000 T. brucei parasites. At selected time-points post-infection, animals
were euthanized by CO2 narcosis and immediately perfused transcardially with pre-
warmed heparinised saline (50 mL phosphate buffered saline (PBS) with 250 uL of
5000 I.U./mL heparin). Organs were collected and either snap frozen in liquid

nitrogen; used immediately to prepare single cell suspensions for flow cytometry
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staining; or immersion-fixed in formalin or glutaraldehyde for histopathology or

electron microscopy, respectively.

Feeding synchronization

Feeding synchronization was achieved by fasting mice for 7 h from 0 am to 7 am.
Afterwards, access to food was re-established for 2 h after which mice were

euthanized.

Pair feeding

Mice were individually housed, and their food intake monitored daily. To each
infected mouse a non-infected control was assigned (i.e. pair-fed control). Every 24
h, pair-fed controls were provided with the same amount of food consumed by their

respective infected pair in the previous 24 h.

Body composition analysis

Mouse total fat mass, lean mass and free body fluid mass were determined using a
6.2 MHz time-domain nuclear magnetic resonance based Minispec LF65 (Bruker)
apparatus. Live unanesthetized were restrained, weighed and then inserted into the

Minispec apparatus. Each measurement lasted for approximately one minute.

Antibody treatment

To block PD-1/PD-L1 axis, mice were injected intravenously (i.v.) with 300ug of
aPD-1 (clone RMP1-14, InVivoMab, BioXcell), immediately before infection and at
days 3, 5 and 7 post-infection.

Chemical sympathectomy

Chemical sympathectomy was performed by i.p. administration of 200 mg/kg of 6-
hydroxydopamine hydrobromide (6-OHDA) in PBS containing 0.4% ascorbic acid
as stabilizer'88, Mice were treated with either 6-OHDA or with PBS containing 0.4%

ascorbic acid (sham controls) 72 and 24 h prior to infection.

Parasite lines

Mouse and in vitro infections were performed using parasites derived from T. brucei
AnTat 1.1E, a pleomorphic clone derived from the EATRO1125 strain. AnTat 1.1E
90-13 is a transgenic cell-line encoding the tetracyclin repressor and T7 RNA
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polymerase!®®. AnTatl.1E 90-13 GFP::PAD1utr derives from AnTatl.1E 90-13 in
which the green fluorescent protein (GFP) is coupled to PAD1 3’'UTR. Monomorphic
bloodstream form Lister 427 parasites (MITatl.2, clone 221a) were used for in vitro
infections. All parasite cell lines were propagated and maintained in HMI-11 medium
at 37°C in a 5% CO2 atmosphere 1%,

Ex vivo lipolysis assay

Follow euthanasia and systemic re-perfusion as previously described, AT depots
were collected, rinsed with PBS and kept at 37°C in low-glucose (1 g/L) DMEM
(Gibco, Thermo Fisher Scientific Inc.) without serum until processing. Next, AT
depots were cut into = 20 mg explants and incubated for 2 h at 37°C in 96-well plates
containing 200 pL low glucose DMEM with 5% (w/v) fatty acid-free BSA and 5 pM
of Triacsin C (Sigma, T4540) per well. Afterwards, these supernatants were
collected and replaced with similar medium containing 20 uM of forskolin (Abcam,
ab120058) and the explants were incubated for an additional hour. Up to 5 explants
were used per AT depot. Next, free fatty acid (C8 and longer) and glycerol
concentrations were assessed using commercially available colorimetric kits
(MAKO44 and MAK117, Sigma) according to the manufacturer’s instructions.
Concentration of fatty acids and glycerol was normalized to each explant’s protein
content. Protein contents were quantified by first delipidating the explants for 1 hour
in 1 mL of 2:1 chloroform-methanol and 1% acetic acid solution at 37°C under
vigorous agitation on a benchtop thermomixer. Afterwards, delipidated explants
were lysed overnight in 500 pL of a 0.3M NaOH and 0.1% (w/v) SDS solution at
56°C under vigorous agitation. Lysate protein quantification was performed using a
BCA Protein Assay Kit (A53225, Thermo Fisher Scientific Inc.) according to the
manufacturer’s instructions. Ex vivo lipolysis rates are expressed as: Nanomoles of

metabolite released per mg or protein per hour.

In vitro lipolysis assay

Culture media from axenically grown 3T3-L1 adipocytes or co-cultured with T. brucei
was replaced with 500 pL or 250 pL low glucose DMEM with 5% (w/v) fatty acid-
free BSA and 5 pM of Triacsin C (Sigma, T4540) per well in 12-well and 24-well
plates, respectively. As described above for the ex vivo lipolysis assays, this

medium is then replaced by a similar medium containing 20 uM of forskolin (Abcam,

32



ab120058) and incubated for an additional hour followed by metabolite
quantification. In vitro lipolysis rates are expressed as: Nanomoles of metabolite

released per well per hour.

3T3-L1 cell culture

Murine 3T3-L1 pre-adipocytes (CL-173™; American Type Culture Collection, USA)
were grown in 4.5 g/L glucose DMEM supplemented with GlutaMAX™ pyruvate
and 10% iron supplemented calf serum (Sigma, C8056) on tissue culture-treated
100 mm dishes (Corning, 353003) at 37°C in a 5% CO2 atmosphere. For routine
passages, cells were kept below 70% confluence and re-plated at 5x10* cells/mL.
For differentiation into adipocytes 3T3-L1 cells were grown to confluence for 92 h
and media was refreshed 48 h after plating. Afterwards, media was replaced by 4.5
g/L glucose DMEM supplemented with GlutaMAX™, pyruvate, 10% fetal bovine
serum (FBS), 1 uM dexamethasone (Sigma, D4902), 0.5 mM 3-isobutyl-1-
methylxanthine (Sigma, 17018), 1 pg/mL insulin (Sigma, 19278) and 2 uM
rosiglitazone (Santa Cruz, sc-202795). Cells were incubated for 48 h and then this
step was repeated once to promote better differentiation. Next, medium was
replaced by media was replaced by 4.5 g/L glucose DMEM supplemented with
GlutaMAX™  pyruvate, 10% FBS and 1 pg/mL insulin for 48 h. Cells were then kept
in 4.5 g/L glucose DMEM supplemented with GlutaMAX™, pyruvate and 10% FBS,

which was refreshed every 48 h, until cells were used.

Histopathology and Electron Microscopy

Formalin-fixed gonadal adipose tissue was paraffin-embedded and sectioned at 4
pm. Immunohistochemistry for the identification of trypanosomes and inflammatory
cells (macrophages and T cells) was performed using a non-purified rabbit serum
anti-T. brucei VSG13 antigen (cross-reactive with most T. brucei VSGs because it
is not CRD-depleted, produced in-house), anti-F4/80 antibodies (Abcam, ab6640),
anti-CD3 (Dako, A0452), and anti-CD138 (BD, 553712) following conventional
protocols. Briefly, antigen retrieval slides was performed in PT Link module (DAKO)
at low-Ph, followed by incubation with the primary antibodies. EnVision Link
horseradish peroxidase/DAB visualization system (DAKO) was used and
counterstained with Harris hematoxylin. For Transmission Electron Microscopy,

samples were fixed with a solution containing 2.5% glutaraldehyde (Electron
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Microscopy Sciences, EMS) plus 0.1% formaldehyde (Thermo Fisher Scientific Inc.)
in 0.1 M cacodylate buffer (Sigma), pH 7.3 for 1 h. After fixation, these were washed
and treated with 0.1% Millipore filtered cacodylate buffered (Sigma), post-fixed with
1% Millipore-filtered osmium tetroxide (EMS) for 30 min, and stained en bloc, with
1% Millipore-filtered uranyl acetate (Agar Scientific). Samples were dehydrated in
increasing concentrations of ethanol, infiltrated and embedded in EMBed-812
medium (EMS). Polymerization was performed at 60°C for 2 days, and ultrathin
sections were cut in a Reichert supernova microtome, stained with uranyl acetate
and lead citrate (Sigma) and examined in a H-7650 transmission electron
microscope (Hitachi) at an accelerating voltage of 100 kV. Electron micrographs
were obtained using a XR41M bottom mount AMT digital camera (Advanced
Microscopy Technigues Corp). Acquisition of immunohistochemistry images was
done in a Nanozoomer-SQ (Hamamatsu Photonics) and analysed using NDP.view2
(Hamamatsu Photonics).

Adipocyte lipid droplet area quantification

Images of hematoxylin and eosin stained slides of gonadal AT were acquired in a
Nanozoomer-SQ (Hamamatsu Photonics) with a magnification of 20x. Afterwards,
at least 6 random fields per slide were analysed with imageJ using the Adiposoft
(version 1.16) plugin'®t. Only adipocytes with a diameter between 10 and 100 pm

were considered in this analysis.

Parasite quantification in blood and organs

For parasitemia quantification, blood samples were taken daily from the tail vein and
diluted 1:150. Parasites were counted manually in a Neubauer haemocytometer (0.1
mm?, detection limit is 3.75x10° parasites per mL of blood). When applicable, the
total number of parasites was determined by multiplying by the total volume of blood,

considering that a mouse has 58.5 mL of blood per kg of bodyweight.

For parasite quantification in organs, genomic DNA (gDNA) was extracted using
NZY tissue gDNA isolation kit (NZYTech, Portugal). The amount of T. brucei 18S
rDNA was measured by quantitative PCR (gqPCR), using the primers 5’-
ACGGAATGGCACCACAAGAC-3 and 5-GTCCGTTGACGGAATCAACC-3’, and
converted into number of parasites using a calibration curve, as previously

described by Trindade et al.1®>. Number of parasites per mg of organ (parasite

34



density) was calculated by dividing the number of parasites by the mass of organ
used for gPCR. The total amount of parasites in the organ was estimated by
multiplying parasite density by the total mass of the organ. Parasite burden
normalized to tissue mass and corresponding organ masses are available in Files

S3 and S5 of the annex section.

Preparation of single cell suspensions

Gonadal AT samples were incubated at 37°C in Dulbecco’s Modified Eagle Medium
(DMEM, GIBCO) with Collagenase | (0.4 mg/mL, Whortington LS004196),
Collagenase IV (1 mg/mL, Whortington LS004188) and DNAse (10 pg/mL) for 30
min, under 1100 rpm agitation. Single cell suspensions from the spleen, heart and
digested gonadal AT were obtained by sieving them through a 40um-pore-size nylon
cell strainer (BD Biosciences) with a syringe plunger. Spleen cells were treated with
erythrocyte lysis buffer (BioLegend 420301) to lyse red blood cells. Both spleen and
gonadal AT cells were resuspended in complete Roswell Park Memorial Institute
medium (cRPMI, RPMI supplemented with 1% sodium pyruvate 100mM, 1% MEM
non-essential amino acids, 1% HEPES 1M, 1% Pen-Strep, 0.1% gentamycin 50
mg/mL, 0.1% B-mercaptoethanol 50 mM and 10% fetal calf serum (all from Gibco))
to use for flow cytometry analysis. Live cells in single cell suspensions were counted

after trypan blue staining in a haemocytometer.

Single cell suspensions containing AnTatl.1E 90-13 GFP::PAD1utr parasites were
prepared for analysis of PAD1 expression by flow cytometry. Parasites co-cultured
with 3T3-L1 cells were recovered by mechanically resuspending the co-cultures
through repeated pipetting. Parasite ATFs were recovered by incubating the
gonadal AT of infected mice in 5 mL of HMI-11 medium within 50 mL conical tubes
under gentle agitation at 37°C for 30 min. Afterwards, cell suspensions were
centrifuged at 2000 rpm, washed with PBS, fixed with 2% formaldehyde for 20 min,
washed with PBS.

Flow cytometry

Stainings of myeloid and lymphoid cells were performed separately. In isolated
spleen cells, stainings were performed in 5x10° cells. Stainings of cells isolated from
the gonadal AT were performed with the highest number of cells possible, by diving

the cell suspension equally between each staining (never exceeding 5x10° cells).
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For myeloid staining of surface determinants, cells were incubated for 45 min at
25°C in cRPMI, in the presence of 5% normal mouse serum (NMS), with the
following antibodies: F4/80-FITC (clone BM8, BioLegend), Ly6G-PerCP/Cy5.5
(clone 1A8, BioLegend), CD274-PE/Cy7 (PD-L1, clone 10F.9G2, BiolLegend),
CD11b-APC/Cy7 (clone M1/70, BioLegend), CD45-Brilliant Violet (BV) 510 (clone
30-F11, BioLegend) and Ly6C-BV605 (clone HK1.4, BioLegend). To stain non-
viable cells, Zombie Violet Fixable Viability Kit (BioLegend) was used, incubating
cells in PBS with 5% NMS, for 15 min at 25°C. Finally, stained cells were

resuspended in cRPMI for flow cytometry acquisition.

For lymphoid staining, cells were first incubated in cRPMI with phorbol 12-myristate
13-acetate (20 ng/mL, PMA) and ionomycin (1 upg/mL) to stimulate cytokine
production by T cells, for 1h45 at 37°C. Next, to block cytokine secretion, brefeldin
A (10 pg/mL) and monensin (5 yM), were added for the final 1h at 37°C of
incubation. Staining of surface determinants was performed by incubating cells for
45 min at 25°C in cRPMI with 5% NMS and the following antibodies: CD3-FITC
(clone 17A2, BioLegend), CD279-PE (PD-1, clone J43, eBioscience), CD45-BV510
(clone 30-F11, BioLegend), CD4-BV605 (clone RM4-5, BioLegend) and CD8-
BV711 (clone 53-6.7, BioLegend). To stain non-viable cells, LIVE/DEAD Fixable
Near-IR Dead Cell Stain Kit (Invitrogen) was used, incubating cells in PBS with 5%
NMS, for 15 min at 4°C. For staining of intracellular antigens, fixation and
permeabilization of cells was performed using Foxp3/Transcription Factor Staining
Buffer Set (eBioscience) and the following antibodies: IFN-y-PerCP/Cy5.5 (clone
XMGL1.2, BioLegend), Foxp3-APC (clone FJK-16s, eBioscience) and TNF-a-
eFluor450 (clone MP6-XT22, eBioscience). Finally, stained cells were resuspended
in cRPMI for flow cytometry acquisition.

For staining of B cell surface determinants, cells were incubated for 45 min at 25°C
in cRPMI, in the presence of 5% normal mouse serum (NMS), with the following
antibodies: CD45-BV510 (clone 30-F11, BiolLegend), IgD-APC (clone 12-26c,
eBioscience) and CD19-APC/Cy7 (clone 6D5, Biolegend). For staining of
intracellular antigens, fixation and permeabilization of cells was performed using
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) and the following
antibody Ki67-PE (clone 16A8, eBioscience).
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Cell suspensions containing formaldehyde-fixed AnTatl.1E 90-13 GFP::PADlutr
parasites were stained with a PBS solution containing 0.005 mg/mL Hoechst 33342
(Thermo Fisher Scientific) for 20 min at 4°C.

Samples were passed through a 40pm-pore-size nylon cell strainer (BD
Biosciences) and then analysed on a BD LSRFortessa flow cytometer with
FACSDiva 6.2 Software. All data were analysed using FlowJo software version
10.0.7r2. Schematics of the gating strategies used for immune cell and parasite
analyses are represented in Figure 7 and Figure 8, respectively. Immune cell
populations normalized to tissue mass and corresponding organ masses are

available in the Files S3 and S4 in the annex section.
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dye signal. Single cells were then identified using SSC-W vs SSC-A gating. Total myeloid
cells were selected based on CD11b expression and then subdivided into neutrophils and
other myeloid cells based on Ly6G gating. Within the remaining myeloid cells, macrophages
and monocytes were identified using F4/80 vs Ly6C gating. (B) Lymphoid gating strategy:
single live immune cells were identified as described above and then T cells were identified
based on the co-expression of CD3 and CD4 or CD3 and CD8. CD4+ T cells were further
subdivided into conventional CD4+ T cells or regulatory T cells based on FoxP3 expression.
Effector T cells were identified by gating single or dual expression of TNF-a and IFN-y within
CD3+CD4+FoxP3- or CD3+CD8+ cells (C) B cell gating strategy: Live immune cells were
identified as before and then B cells were identified based on expression of CD19 and lack
of CD3 expression. Activated B cells were identified based on positive Ki67 expression and
absence of IgD expression.

Stumpy Forms

RN |
Parasites ™

SSC-w
FSC-A
PAD1 (GFP)

Single Cells

T TR Y T T T L} L | T r Yy
a 4 5 3 5

SSC-A " Hoechst 33342 Hoechst 33342

Figure 8 — Parasite flow cytometry gating strategy. Single cells were identified using
SSC-W vs SSC-A gating. Parasites and host cells were then differentiated based on
Hoechst 33342 intensity. Stumpy forms of the parasite were identified based on PAD1
(GFP) expression.

Soluble VSG isolation and identification

Approximately 5x108 AnTatl.1E parasites cultured in HMI-11 were centrifuged at
25009 at 4°C for 10 min and washed twice in trypanosome dilution buffer (TDB).
Trypanosomes were then resuspended and incubated for 3 min at 37°C in 3 mL of
10mM sodium phosphate (NaH2PO4) buffer pH 8.0 containing a protease inhibitor
cocktail (P8340, Sigma). Cells were then incubated for 3 min on an ice water bath,
centrifuged at 4000g for 5 min and the supernatant purified through a
diethylaminoethyl Sepharose column (GE Healthcare). Protein quantification was
performed using a BCA Protein Assay Kit (A53225, Thermo Fisher Scientific Inc.)

according to the manufacturer’s instructions.

The protein sample was run through SDS-PAGE, stained with Coomassie blue and
the protein band of interest was isolated, destained, reduced, alkylated and digested
with trypsin (Promega) overnight at 37°C. The tryptic peptides were desalted and
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concentrated using POROS C18 (Empore, 3M) and eluted directly onto the MALDI
plate using 1 L of in 50% (v/v) acetonitrile and 5% (v/v) formic acid. The data were
acquired in positive reflector MS and MS/MS modes using a 5800 MALDI-TOF/TOF
(AB Sciex) mass spectrometer and using TOF/TOF Series Explorer software v.4.1.0
(Applied Biosystems). External calibration was performed using a CalMix5 standard
(Protea). The 25 most intense precursor ions from the MS spectra were selected for
MS/MS analysis. The raw MS and MS/MS data were analysed using Protein Pilot
software v.4.5 (ABSciex) with the Mascot search engine (MOWSE algorithm). For
the search parameters were as follows: monoisotopic peptide mass values were
considered, maximum precursor mass tolerance (MS) of 50 ppm and a maximum
fragment mass tolerance (MS/MS) of 0.3 Da. The search was performed against the
SwissProt protein sequence database without taxonomy restriction.
Carboxyamidomethylation of cysteines was set as fixed modifications, oxidation of
methionines and N-Pyro Glu of the N-terminal Q were set as variable modifications.
Protein identification was accepted only when significant protein homology scores
were obtained (P < 0.05) and at least one peptide was fragmented with a significant
individual ion score (P<0.05). The MS data were generated by the Mass
Spectrometry Unit (UniMS), ITQB/iBET, Oeiras, Portugal.

Antibody quantification

Antigen-specific antibody titers were determined by ELISA. Assay plates (423501,
BioLegend) were coated overnight with 2 ug/mL purified VSG AnTat1.1 (10 mM
sodium phosphate buffer, pH 8.0) at 4°C. Assay plates were blocked with blocking
buffer (3% BSA in PBS with 0.05% Tween20). Secondary antibody solutions were
prepared by diluting 1:1000 anti-mouse IgM-HRP (lab0372, Covalab), anti-mouse
IgG-HRP (lab0365, Covalab) and anti-mouse IgA-biotin (clone RMA-1, BioLegend).
Wells with biotinylated antibodies were incubated with SAv-HRP (BioLegend).
Assay plates were developed with TMB substrate set (BioLegend), subsequently
stopped with a 1M sulfuric acid solution and the OD 450 nm values were read in a
TECAN Infinite M200 microplate reader using 570 nm as the reference wavelength.
All washing steps were performed with PBS with 0.05% Tween20. The OD cut-off
value used for antibody titer was determined according to the formula [Cut-off =
Xneg+ 0.13(Xpos)], where Xneg is the average of the assay wells loaded with PBS

and Xpos is the average of the wells loaded with the most concentrated samples
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from mice infected for 9 days Antibody titers for AT, kidney and spleen were
normalized to the organ masses used to prepare cell-free suspensions.

RNA isolation and RNA-Seq analysis

Mice infected for O, 6 and 26 days were euthanized and perfused, gonadal fat depots
were collected, RNA extracted by TRIzol (Invitrogen) and its integrity assessed by
TapeStation (Agilent). Poly-A mRNA library was prepared as recommended by the
manufacturer (lllumina TruSeq) and the samples were sequenced in Illumina
HiSeg2000 platform (EMBL and BGI). Sequenced reads were 49bp single-end for
samples DO0.1, D6.1, D26.1 and D26.2 and 100bp paired-end for the remaining
ones. To reduce differences between single and paired-end RNA-Seq datasets, the
second read of each mate-pair in paired-end samples was discarded. Also, the first
read of each mate-pair was trimmed to the first 49 bases using Trimmomatic

(version 0.38)1%,

Read quality was evaluated with FastQC quality control tool (version 0.11.5)% and
raw reads were trimmed to improve mapping with SolexaQA (version 3.1.7.1)1%,
First, reads were cropped to their longest continuous segment whose PHRED score
was higher than 28 and then reads smaller than 25 bp were discarded. Trimmed
reads were aligned to the T. brucei TREU927 genome (TriTrypDB version 33)%
using HISAT2 (version 2.0.0-beta)°® without spliced alignments. Reads mapping to
T. brucei were discarded and the unmapped reads aligned to the M. musculus
genome (GRCm38 release 92)°7 using HISAT2 with default parameters. Unigque
read counts were computed using featureCounts (version 1.6.2)'° and lowly
expressed genes were discarded by keeping genes having a minimum of 10 read
counts in at least 2 replicates of the same condition (DO, D6 or D26). In total, 19,488
genes were used to perform differential expression analysis by DESeq2 (version
1.18.1)'%°, edgeR (version 3.20.9)?° and limma (version 3.34.9)?°1 from
Bioconductor (version 3.5)%°2 in the R software environment (version 3.4.4)2%,
Genes having an adjusted p-value < 0.01 in at least 2 algorithms and a fold-change

> 2 in all were considered differentially expressed.

GO term overrepresentation on differentially expressed genes was performed with
the topGO (version 2.30.1)?%* R package, using the weight01 algorithm and Fisher’s

exact test (p-value < 0.01) for terms with at least 5 annotated genes.
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Heat maps were created using the package ComplexHeatmap (version 1.17.1)%%°
and ggplot2 (version 3.0.0)2°¢ was used to create the remaining plots.

Relative immune cell compositions in infected AT were estimated with seg-ImmuCC
deconvolution tool??’. As in differential expression analysis, only genes having a
minimum of 10 read counts in at least 2 replicates of the same condition were used.
Then, read counts were processed following the authors script in Github?°’: the read
counts of each V, D and J gene segments in both T and B cell receptors merged
and a quantile normalization performed. The quantile normalized read counts were

uploaded in ImmuCC server using the SVR algorithm.

RNA-Seq data from the samples of day 6 post-infection AT were made publicly
available in the ArrayExpress database under the accession number E-MTAB-4061.
The remaining RNA-Seq sequence data have also been submitted to the

ArrayExpress database under the accession number E-MTAB-7596.

Statistical analysis

The values presented are mean + SEM. Parasite and immune cell numbers were
transformed into their respective Log base 10 values to achieve linearization prior
to statistical analysis. Statistical differences were assessed using two-way ANOVA
and one-way ANOVA with Sidak’s test for multiple comparisons. P values lower than

0.05 were considered to be statistically significant.
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Part 1: Adipose tissue immunity during a T. brucei infection
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Results of Part 1
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The results presented in this section were generated in part by Tiago Bizarra Rebelo
and others and are partially included in his MSc thesis under the name “Deciphering
parasite persistence in adipose tissue”, available at:
https://repositorio.ul.pt/handle/10451/31880. A detailed list of my contributions to

this part of the work is available in the annexes section of this document.
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The relevance of tissue invasion and colonization by T. brucei is only nhow being
elucidated in the context of pathogenesis, persistence, and drug resistance. Each
tissue presents a specific immune environment that may impact a pathogen’s ability
to colonize and persist in each anatomical location. The increasing evidence of
persistence of evolutionarily diverse pathogens in the AT raises the question of its
immune competence. Given the extensive accumulation of T. brucei in the AT we
sought to elucidate whether an effective immune response was mounted in this
tissue and how different it was from the better described systemic responses

observed in the blood and spleen (where the parasites also reside).

1. Transcriptome of infected adipose tissue reveals a strong
inflammatory response

A local immune response typically consists in the accumulation of myeloid and
lymphoid cells sensing determinants of inflammation and/or determinants specific
to the pathogen in order to control the infection and regulate the immune response
itself. Given that the signature profile of immune cells is unique and different from
all other resident cells of AT (adipocytes, endothelial cells, and mesenchymal
stromal cells)?°820° we postulated that a transcriptome analysis of infected versus
non-infected AT should provide a first glimpse of the type of immune response that

is mounted in this tissue.

We performed RNA sequencing (RNA-Seq) analysis of mice gonadal AT depots at
early and late stages of infection. Total RNA was extracted from this tissue at day O
(n=3), 6 (n=3) and 26 (n = 2) post-infection. Most sequence reads mapped to the
mouse genome (between 86% and 96%) and the 1%-10% of reads that mapped to

the parasite were not considered in this analysis (S1 Table, annex).

Unbiased clustering of the expression profiles of the analysed samples showed that
non-infected and infected AT clustered separately. Furthermore, the cluster of
infected AT was divided in 2 sub-clusters separating samples of early and late
infection time points (Fig. 9A). This indicates significant alterations of transcript
abundances in AT upon and during a T. brucei infection. To identify the genes

differentially expressed, we used three distinct algorithms. Genes significant in at
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least 2 of them (adjusted p-value < 0.01) and having a fold-change higher than 2
were considered differentially expressed.

At day 6 post-infection, 2678 genes were differentially expressed compared with
non-infected AT. From these, 1770 genes were upregulated while the remaining 908
were downregulated at day 6 post-infection (S1C File, annex). When comparing AT
at day 26 post-infection with non-infected AT, 3684 genes were differentially
expressed, from which 2264 were upregulated and 1420 downregulated (S1D File,

annex).

Between AT at day 6 and day 26 post-infection, we identified 941 differentially
expressed genes, 503 upregulated and 438 downregulated at day 26 post-infection
(S1E File, annex).Gene ontology (GO) enrichment analysis was conducted to
determine which GO terms were over-represented among the differentially

expressed genes (Fisher's exact test, p-value < 0.01).

Enrichment tests on the upregulated genes in infected AT (both on day 6 and day
26 versus day 0) revealed a strong inflammatory profile, with 84.7% of the top 150
(127/150) most significant Biological Process GO-terms related to immunity (Fig. 9B
and S2 File, annex). Also, the median fold-change of the genes associated to the
top 20 Biological Process GO-terms in infected versus non-infected AT (p-value <
1x10%) increased from day 6 to day 26 (Fig. 9C), suggesting that the immune

response taking place in AT increases in magnitude as infection progresses.

Conversely, most downregulated genes were involved in metabolite biosynthesis
(e.g. fatty acid biosynthetic processes) and other metabolic changes (e.g. fatty acid
beta-oxidation) (S1 and S2D and S2E Files, annex).

47



Q
@
3
2| Day 6 chemokine—mediated signaling pathway
1 (15.3%) neutrophil chemotaxis
2| pay 26 defense response to protozoan
1 positive regulation of ERK1 and ERK2 cascade
3 defense response to Gram—positive bacterium
2| payo response to IFN-y
1 cellular response to IFN-y
1231212 3 defense response to bacterium
Day0 Day26 Day6 Mimmune-related GO terms cellular response to IFN-3
Spearman correlation Others positive regulation of T cell proliferation
B | positive regulation of TNF production
0.8 085 0.9 095 1 cellular response to LPS
positive regulation of IFN-y production
100 inflammatory response
D 90— Other defense response
o 2 80 Neutrophils innate immune response
g 3 704 MyD88-dependent TLR signaling pathway
< 2 Monocytes immune response
o g 60 Macrophages positive regulation of a8 T cell proliferation
-4 € 50 adaptive immune response
T = 40 I CD8+ T cells G protein—coupled receptor signaling pathway
§ § 30 B CD4+ T cells positive regulation of IL-1 beta secretion
T £ 204 defense response to virus
o g 10- Il B cells response to LPS
E 0- Median FC
Day 0 Day 6 Day 26 0 5101520

Figure 9 - Transcriptome of T. brucei infected AT shows a strong immune response.
(A) Heat map of hierarchical clustering of Spearman correlations of Reads per kilobase per
million mapped reads (RPKM) levels from non-infected (D0), n = 3 and infected AT at early
(D6), n = 3 and late (D26), n = 2 time points. (B) Pie chart of most significant biological
processes GO term families. (C) Heat map view of median fold change (FC) of genes
associated to the top 20 Biological Process GO terms in day 6 and day 26 of infection versus
non-infected AT (D6 vs DO and D26 vs DO, respectively) (D) Prediction of immune cell
distribution based on immuCC RNA-seq deconvolution.

Interestingly, differential expression analysis showed a marked and significant
upregulation of T helper 1 (Th1) signature genes (e.g. Tbx21, Eomes, l112rlb, Ifng,
Tnf, Nos2, Statl, Stat4) both on day 6 and day 26 versus day O (Fig. 10 and S1C
and S1D File, annex), which are associated with a protective immune response
against T. brucei. This profile was not observed for non-protective Th2 response
associated genes (e.g. Gata3, 114, II5, 1113, Stat5, Stat6), which were either not
detected or not differentially expressed in all conditions assessed (Fig. 10 and S1
File, annex). In addition to Thl signature genes, the infected AT showed an overall
upregulation of pro-inflammatory genes such as Gzma, Gzmb, ll1a and 116 (Fig. 10).

In turn, this was accompanied by the upregulation of genes such as 1110, 1110ra,
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Ctla4, Foxp3 and Pdcdl, which are associated with the suppression of an active

immune response (Fig. 10).
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Figure 10 - Immune activatory and suppressive transcriptomic signature. Heat map
of the differential expression of genes associated with immune response (A) activation and
(B) suppression at days 6 and 26 post-infection relative to non-infected. Gene expression
change in Log2 units is denoted in red for up-regulation and in blue for down-regulation.
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To assess whether the changes in transcriptomic profile of the AT could be due to
an alteration of the cellular makeover of the tissue, we performed a cellular
deconvolution analysis using the immuCC algorithm?®’. This analysis predicted that
during a T. brucei infection the relative proportions of innate and adaptive immune
cells were variable (Fig. 9D). Specifically, these data predicted a relative increase
of macrophages and CD8+ T cells between days 0 and 6 post-infection, while the
prediction for monocytes and B cells was a relative decrease in the same period.
Lastly, by day 26 post-infection this deconvolution model predicted a sizeable
increase of the CD4+ T cell response, with a predicted 3 to 4-fold relative increase
when compared to days 0 and 6 post-infection. Overall, the transcriptome of the AT
of infected mice revealed signs of intense inflammation and an ongoing active

immune response.

2. Adipose tissue shows a gradual accumulation of immune cells
during infection.

Bulk RNA-seq provides a strong indication of broad changes in the inflammatory
profile immune cell milieu of the AT, however it does not allow to identify the absolute
accumulation of immune cells and determine their selective in situ effector functions.
To investigate this, and to compare the extent of systemic to AT immune responses,
we quantified the number of parasites and immune cells in the spleen and the AT.
The spleen was used as a proxy for the systemic immune response as it filters
bloodborne pathogens and is a major site for lymphocyte activation and proliferation.
Quantifications were performed at key time-points of the murine T. brucei infection,
encompassing the formation and resolution of the first and second peaks of

parasitemia as well as the chronic stage of infection.

In the blood, the progression of parasitemia throughout infection exhibited its
characteristic pattern (Fig. 11A). a first peak around day 5 post-infection;
undetectable parasitemia between days 9 and 13 post-infection; followed by a
fluctuating number of parasites that differs in each mouse until day 28 post-infection.
In the spleen, the number of parasites reached the peak at day 5 post-infection and
dropped 32-fold from 6 to 9 days post-infection, when the lowest parasite load was
detected (Fig. 11B).
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From day 14 post-infection, the number of parasites fluctuated at around 10°
parasites per organ. Remarkably, in the gonadal AT, the number of parasites
peaked at day 6 post-infection (one day later than in blood/spleen) and it suffered
only a 6-fold reduction from 6 to 9 days post-infection (Fig. 11B). From day 14 post-
infection onward, the number of parasites fluctuated at around 10° parasites, which
IS an approximate constant 10-fold more than in the spleen or any other organ

assessed, as we have previously reported*®.

At the same key time-points of infection, immune cells from spleen and AT were
analysed by flow cytometry. Using an anti-CD45 antibody to gate all immune cells
(Fig. 7), we observed a striking gradual accumulation in the gonadal AT with a 16-
fold increase in the number of immune cells per tissue from days 0 to 28 post-
infection (Fig. 11C). Conversely, and despite a large increase in spleen mass (Fig.
14A), no significant changes were observed in the total number of splenic immune
cells. This suggests that the increase in spleen weight may be largely due to the
accumulation of damaged red blood cells undergoing eythrophagocytosis?'°, which
is known to occur during T. brucei-induced anemia?!!. Interestingly, while the
number of parasites in the AT peaks on day 6 post-infection and oscillates
afterwards, the immune cells are recruited and/or proliferate in AT with different
dynamics, increasing steadily as infection progresses. The fact that the spleen has
a higher proportion of immune cells than the AT is not surprising due to its nature
as a secondary lymphoid organ.
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Figure 11 - Dynamics of T. brucei parasites and immune cells throughout infection.
(A) Number of T. brucei parasites per mL of blood of a single representative mouse,
quantified using a hemocytometer. Dashed line represents the detection limit (3.75x10°
parasites/mL of blood). (B) Total number of T. brucei parasites in the spleen and gonadal
AT, quantified by gPCR. (C) Number of live immune cells in spleen and gonadal AT. (B-C)
Error bars represent the standard error of the mean (SEM) (n = 2—6 mice per group).
Statistical analysis was performed with a two-way analysis of variance (ANOVA) using
Sidak’s test for multiple comparisons. * refers to statistical differences within the groups in
each time-point and the non-infected group. *, P<0.05; **, P<0.01; ***, P<0.001; ****,
P<0.0001.

To assess the distribution of the inflammatory cell infiltrates and the morphological
changes of the AT, we performed immunohistochemistry for parasites (anti-VSG
antibody), macrophages (anti-F4/80 antibody) and T cells (anti-CD3 antibody) in
sections of gonadal AT on days 6 and 26 post-infection. Consistent with the analysis
by flow cytometry, a significant increase was observed in the number of infiltrating
macrophages and T cells, mainly during the later time-points of infection (Fig. 12A).
Inflammatory cells were distributed diffusely in the tissue, often associated with
parasites or parasite debris. By transmission electron microscopy (TEM), parasites
were also detected intracellularly, in the cytoplasm of phagocytes (most likely

macrophages) (Fig. 12B).
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Figure 12- Inflammatory cell response in the adipose tissue. (A) Immunohistochemistry
reveals a large number of T. brucei parasites (anti-VSG antibody) accompanied by marked
infiltration by macrophages (anti-F4/80 antibody) and moderate infiltration by T cells (anti-
CD3 antibody), at a later stage post-infection (day 26). (n = 4—6 per time-point); DAB
counterstained with hematoxylin, original magnification 40x (Scale bar, 50um). (B).
Representative electron micrograph of the perirenal adipose tissue of the mouse, 26 days
post-infection, showing various extracellular tangential and cross-sectional profiles of
trypanosomes (arrowhead) and also intracellular parasites, in the cytoplasm of a phagocyte
[most probably a macrophage (inside dashed line)]. Asterisk, vessel; ec, endothelial cell; n,
nucleus, f, flagellum. B-1, B-2. Insets of the phagocytized trypanosomes, with well-defined
nucleus (black arrowhead) and pseudopodia (white arrowhead), consisting of multiple
membranous whorls extended by the phagocyte around the parasite.

53



These intracellular parasites were often surrounded by membranous whorls,
suggesting they had been phagocytosed. In conclusion, our analysis shows that the
AT is not an immune silent tissue, but instead that it actively responds to a T. brucel
infection. It is important to mention that these data were acquired in an
intraperitoneal infection model and that Tsetse fly transmitted or intradermally

injected T. brucei may lead to significant differences in immune response.

3. Adipose tissue is populated by effector innate and adaptive immune
cells

To experimentally characterize the immune response that is mounted against T.
brucei in the AT, we isolated gonadal fat pads and spleen of infected animals at
different time-points of the infection, and we identified and quantified the main
immune cell subsets by flow cytometry. On the one hand we followed the dynamics
of neutrophils, monocytes, and macrophages to assess the innate myeloid immunity
branch. On the other hand, to assess the adaptive immunity branch, we followed T
cell subsets (helper T cells (CD4+) and killer T cells (CD8+)) and evaluated whether
these T cells were activated and responding to the infection by assessing their
expression of two main pro-inflammatory cytokines, IFN-y and TNF-a. Additionally,
we analysed the frequency of Treg cells, a key immunosuppressive subset. The

gating strategies for all the populations are presented in the Figure 7.

As infection progressed, while the total number of immune cells of all subtypes
assessed increased in the AT, the same was not observed for the spleen (Fig. 13).
As expected for the innate immune response, neutrophils (Fig. 13A) and monocytes
(Fig. 13B) are the first to be recruited to the AT, presenting an increase of 68-fold

and 49-fold from days 6 to 9 post-infection, respectively.

Few neutrophils were detected in the gonadal AT prior to infection with 8.45x102
cells, however they increased nearly 100-fold by day 28 post-infection (Fig. 13A).
Similarly, the number of neutrophils in the spleen increased significantly, presenting
a 38-fold increase from days 0 to 28 post-infection (Fig. 13A). Prior to infection, few

monocytes were present in the spleen and AT. During T. brucei infection, monocytes
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accumulated in both tissues, increasing 39-fold in the spleen and 12-fold in the
gonadal AT by day 28 post-infection (Fig. 13B).

Macrophages were the most abundant myeloid population in both tissues in control
mice. Interestingly, this population was kept at relatively stable numbers throughout
infection in the spleen, as the only significant change observed was a moderate 2.7-
fold increase by day 28 post-infection (Fig. 13C). In the gonadal AT, the number of
macrophages was significantly increased from day 20 post-infection onward,
presenting a 10-fold increase by day 28 post-infection (Fig. 13C). CD4+ and CD8+
T cell subsets showed a similar overall increase in the AT, while the spleen showed
no changes in CD4+ T cells and an overall decrease for CD8+ T cells (Fig. 14B and
14C).

Within the total pool of T cells, we assessed the fraction that differentiated into
effector T cells expressing IFN-y, TNF-a or both pro-inflammatory cytokines. During
the infection, we observed that the number of effector CD4+ T cells presented a
modest incremental trend in the spleen, reaching a 3.8-fold increase by day 28 post-
infection (Fig. 13D). A higher relative increase in effector CD4+ T cells was observed
in gonadal AT, with significant accumulation from day 14 post-infection onwards,

showing a 14.6-fold increase by day 28 post-infection (Fig. 13D).

A distinct profile between the spleen and gonadal AT was observed for effector
CD8+ T cells. There was a trend for a modest reduction in number of this effector
cell in the spleen (Fig. 13E). In contrast, a significant increase in the number of
effector CD8+ T cells in the gonadal AT was observed from day 16 post-infection
onwards, reaching a 8.7-fold increase by day 28 post-infection. This profile of
effector T cells is in agreement with the high expression of TNF-a and IFN-y in
gonadal AT revealed at the transcriptomic level (Fig. 10 and S1C and S1D Files,
annex), confirming the accumulation of effector T cells in the AT and propagating a
Th1l type of response. The number of Treg cells showed an overall decrease in the
spleen while increasing 4-fold in gonadal AT (Fig. 13F), which is in agreement with
the increased expression of FOXP3, CTLA-4 and IL-10 at the transcriptomic level
(Fig. 10 and S1C and S1D Files, annex).
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Figure 13 - Dynamics of immune cells during infection. (A-F) Number of (A) neutrophils,
(B) monocytes, (C) macrophages, (D) effector CD4+ T cells, (E) effector CD8+ T cells and
(F) regulatory T cells in the spleen and gonadal AT. Error bars represent the SEM (n = 2—6
mice per group). Statistical analysis was performed with a two-way ANOVA using Sidak’s
test for multiple comparisons. * refers to statistical differences within the groups in each
time-point and the non-infected group. *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.
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This suggests that Treg cells recruited to AT may contribute to control an excessive
inflammatory response and could favor the persistence of T. brucei parasites in AT.
This flow cytometry analysis in the AT is mostly consistent with changes observed
in transcriptomic data (Fig. 9C) and predicted by immuCC (Fig. 9D). Specifically,
we confirmed a similar relative variation for many immune subsets such as CD4+ T
cells, CD8+ T cells, monocytes and neutrophils. Macrophages were the only
population for which flow cytometry did not confirm the immuCC predictions (Fig.

15). This overestimation of the macrophage population by immuCC could be due to
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the fact that immune activation of adipocytes unlocks a gene expression signature
that highly resembles that of macrophages?*2.
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Overall, during a T. brucei infection the AT accumulates cells of the innate and
adaptive immunity branches. Importantly, there is a significant increase of immune
cells described as protective against a T. brucei infection (i.e. IFN-y+CD4+Th1 cells

and macrophages).
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4. Adipose tissue presents a strong humoral response

Effective immunity against T. brucei requires a humoral immune response in
addition to a strong cellular immune response!®2, The importance of antibody-
mediated T. brucei clearance is well documented. Indeed, B cell and antibody
deficiencies lead to increased susceptibility to T. brucei'®® and passive transfer of

VSG-specific antibodies grants variant-specific protection64:213,

To assess if a humoral response was ongoing in solid tissues and in AT in particular,
we quantified the levels of antigen-specific IgM, IgG and IgA by ELISA, using plates
coated with purified VSG AnTatl.1 (Fig. 16). A series of 10-fold dilutions of serum
samples and 2-fold dilutions of cell-free suspensions from tissues were tested for
anti-VSG AnTatl.l immunoglobulins. For each sample, the antibody titer was
determined as the highest dilution with an OD450nm higher than the cutoff value
(0.13x average of positive control + average of negative control) (Fig. 16D)?4,

We collected samples from mice on days 0, 6 and 9 post-infection from the serum
(reference of circulating immunoglobulins), spleen (reference of an active site of
immunoglobulin production), AT and kidney (an example of low parasitised organ).
These time-points were chosen because in wild-type (WT) mice there is a significant
drop in AT parasite burden between days 6-9 (Fig. 11B) and we questioned if B cell

responses could play a local role.

As expected, circulating antibodies against VSG AnTaT1.1 increased in infected
mice when compared to non-infected mice (i.e. 10 to 100-fold increase (Fig. 17A).
This effect was also observed in the interstitial fluid, albeit in an organ specific
manner. Specifically, the antibody titer of IgM in the AT increased upon infection but
was lower than in the kidney and spleen at day 6 post-infection (6.6 and 88-fold
respectively) and to a lesser extent at day 9 post-infection (4.6 and 6.3-fold).
Moreover, the antibody titer for IgG in the AT was similar that of the kidney at day 6
post-infection but was 107-fold lower than that of the spleen. By day 9 post-infection
the AT presented a 3-fold lower anti-VSG IgG titer compared to the kidney and 14-
fold lower than the spleen. Additionally, anti-VSG IgA was not detected in the AT
and presented low titers in the spleen. Interestingly, kidney titers for anti-VSG IgA
were high but were independent of infection, as titers from non-infected mice were

equally elevated as those of infected mice.
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Next, we assessed whether this humoral response in the AT was accompanied by
a local B cell response. There was an increase in the numbers of B cells in spleen
and AT (Fig. 17E), as well as an increase in the number of activated, (IgD-CD19+
cells), and proliferating (Ki67+) B cells (Fig. 17F). Specifically, by day 9 post-
infection total B cells showed a 3.55-fold increase in the spleen and a 8.45-fold

increase in the AT, relative to non-infected controls. This increase was also
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observed for activated B cells, as their number presented a 16.29-fold increase in
the spleen and a 9.24-fold increase in the AT in the same period. We then assessed
whether plasmocytes (i.e. main immunoglobulin producing cells) were present in the
AT. CD138 (also known as syndecan-1) is an excellent marker of plasmacytic
differentiation, however it is sensitive to the collagenase treatment used for flow
cytometry analysis of AT digestion, and thus we applied immunohistochemistry to
AT (Fig. 17G-17I). Relative to non-infected mice, the number of CD138+ cells
increased 3.7-fold and 17.4-fold at days 6 and 9 post-infection, respectively (Fig.

17J), indicating that the AT harbors plasmocytes that secrete immunoglobulins.

Collectively, these data show that a humoral response takes place in the AT and
suggest that the increase of immunoglobulin levels is likely the result of the
infiltration of circulating immunoglobulins (serum), but also partially due to increased
local production by antibody producing plasmocytes in the AT. Altogether, we
conclude that the components of a protective immune response against T. brucei

are present in the AT.
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and (1) 9 post-infection. (J) Quantification of plasmocytes in tissue sections. (G-I) Black
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P<0.0001.
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5. Parasite load in adipose tissue depends on systemic effectors

Parasites infiltrate and accumulate in the AT, even though a host-protective acute
(that turns chronic) immune response is mounted in response to the infectious
agent, as revealed by the dramatic accumulation of myeloid cells and lymphoid
effector subsets (Fig. 12 and 13). Thus, we decided to undertake a systematic
approach and test the importance of several immune cells and soluble factors key
in the control of T. brucei. For this, we performed infections in several
immunocompromised mouse mutants, and collected organs on days 6 and 9 post-
infection. Specifically, we infected mice that lack T and B lymphocytes (deficient in
the recombination activation gene 2 (Rag2-/-)), (Fig. 18A and 18B) mice that lack
selectively B lymphocytes (Jht-/-) (Fig. 18C and 18D), mice that lack IFN-y (Ifng-/-)
(Fig. 18E and 18F), and mice that lack complement component 3 (C3-/-) (Fig. 18G
and 18H). These cells or factors have been previously implicated in the parasite’s
elimination. Here, we hypothesized that if one of these factors was ineffective solely
in the clearance of parasites in the AT, its absence would have little impact on the
elimination of AT parasites, but it would prevent parasite elimination in the blood

and other organs.

Upon infection with T. brucei, in both Rag2-/- and Jht-/- mice, parasitemia increased
until day 6 post-infection, but instead of undergoing a quick reduction, parasite
numbers persisted at very high levels (Fig. 18A and 18C). While WT mice were able
to reduce parasite burden from the spleen and AT between days 6 and 9 by roughly
10-fold, neither Rag2-/- nor Jht-/- showed a significant decrease in the parasite
burden of these organs in the same period (Fig. 18B and 18D). These data show
that efficient parasite elimination between days 6 and 9 post-infection in the AT

requires a B and T cell responses, similarly to parasitemia clearance in the blood.

Given that the infection promoted the generation of a high frequency of IFN-y-
producing CD4+ and CD8+ T effectors in AT (Fig. 13D and 13E), the contribution of
IFN-y was assessed by infecting Ifng-/- mice. Unlike WT controls, Ifng-/- mice were
not able to eliminate parasites from the blood nor from all tested solid tissues (Fig.
18E and 18F). These results suggest that T. brucei is controlled by IFN-y both
systemically and within the tissues, highlighting the key role of Thl-dependent

immune response in the control of the infection. As previously shown, albeit with
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different kinetics?'®, mice with defective complement system (C3-/-), were able to
control the first peak of T. brucei parasitemia, suggesting that complement
opsonization is not essential in the blood (Fig. 18G) between days 6 and 9 post-
infection. These results suggest that the complement system may have a more
active role in parasite elimination from some tissues than from the blood.
Interestingly, these mutant mice were partially impaired in controlling the number of
parasites in the AT, between days 6 and 9 post-infection (4.3-fold reduction vs 32-
fold reduction in WT mice) (Fig. 18H). This impairment was also observed in the
heart, where C3-/- showed virtually no parasite elimination (1.6-fold) whereas WT

mice presented an 8.4-fold decrease.
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in spleen, gonadal AT and heart, 6 and 9 days post-infection. Statistical analysis was
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performed with a two-way ANOVA using Sidak’s test for multiple comparisons. *, P<0.05;
** P<0.01; ***, P<0.001; **** P<0.0001.

We then questioned whether an overarching immunosuppressive mechanism was
reducing overall parasite clearance and allowing for higher parasite accumulation in
the AT, when compared to other organs. Among these, the programmed cell death
protein 1 (PD-1) and the programmed cell death ligand 1 (PD-L1) interactions are
well described as inhibitors of T cell effector functions in several contexts, including
infection?%, The interaction between PD-1 on the surface of a T cell and PD-L1 on
the surface of an antigen presenting cell, leads to the decreased activation,
proliferation and cytokine secretion of the T cell. Although we observed by flow
cytometry an upregulation of PD-1 in both CD4+ and CD8+ T cells (Fig. 19A and
19B) and in Pdcd1 gene expression (Fig. 10B and S1C File, annex) during the acute
phase of infection, its antibody-mediated blockade failed to enhance parasite
clearance in AT (Fig. 19C and 19D).
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post-infection. Error bars represent the SEM (n = 5 mice per group). Statistical analysis was
performed with a two-way ANOVA using Sidak’s test for multiple comparisons. (A-B) * refers
to statistical differences between groups. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001

Overall, the infections in immunocompromised mice revealed the parasite burden in
the AT depends on several systemic components (B cells, T cells, IFN-y and
complement system). We conclude that the AT does not provide a niche devoid of
immune surveillance for T. brucei.
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Discussion of Part 1
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Adipose tissue immunity against T. brucei

Here, we show that upon T. brucei infection the AT acquires a marked immune
transcriptomic phenotype. Within this immune phenotype, a marked Th1 signature
is observed, which unlike a Th2 signature, is associated with protection against T.
brucei. This shift in transcriptomic profile is likely the result of in situ activation of
resident immune cells as well as of the recruitment of additional immune cells
throughout infection. Accordingly, during infection we observed both by
immunohistochemistry and flow cytometry a large accumulation of myeloid and
lymphoid cells. Indeed, although with distinct kinetics, similar accumulations of
neutrophils?l’, monocytes?”218 and T cells'®-21° have been reported for other active

sites of T. brucei, such as the skin?!’, liverl86.2183nd brain?°,

Comparison of the AT and spleen leukocyte accumulation kinetics reveals a sharp
contrast between these tissues. The AT presents an overall sustained increase
throughout time of all the immune cell types assessed. While starting with a much
higher number of immune cells, the spleen shows an overall maintenance of the
total number of immune cells (Fig. 11C). This maintenance of the total number of
splenic immune cells does not represent a static immune environment and it is in

fact the result of opposing variations in individual immune subsets.

Among the few similarities found between the spleen and AT is the overall increase
in monocyte and neutrophil numbers (Fig. 13A and 13B), which is in accordance
with previously published data for the spleen??°. Although an active immune
response is taking place in both the spleen and AT, the differences in their immune
kinetics, especially in the T cell compartment, suggest that parasites in the spleen

and in AT may be subjected to distinct immune responses.

The immune response mounted in the AT is likely to actively participate in the
reduction of the number of parasites. Classically, parasites are described to be
eliminated by antibody-dependent phagocytosis that can be assisted by IgM-

mediated complement opsonization4.

Our observation by TEM of phagocytosed parasites in the AT suggests that local
elimination of the parasite is ongoing. This phagocytic clearance is consistent with
the accumulation of antigen-specific IgM and 1gG (Fig. 17B and 17C) in the tissue,
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and macrophages that are activated by innate signals delivered by the presence of
the parasite as well as adaptive signals such as the local production of IFN-y by
CD4+ Th1 cells (Fig. 13D). This is supported by the observed abrogation of parasite
clearance from the AT in infected mice deficient for T and/or B cells, or IFN-y (Fig.
18).

Given the hyperparasitemia presented by these mutant mice, we cannot exclude
the possibility that the high number of parasites in AT 9 days post-infection is
partially due to a spill in effect from circulating parasites (although in some mutants
and in some organs a tendency for higher parasite load is already detectable 6 days
post-infection). However, the inability to remove immune cells/factors exclusively
from the AT prevents the study of the contribution of circulating parasites that may

excessively cross into tissues.

The dynamics of anti-VSG immunoglobulins show a protective humoral response in
the AT, although at significantly lower levels than the spleen. Compared to the
kidney, the AT shows comparable anti-VSG IgG titers and modestly lower IgM titers.
Interestingly, while the AT shows no detectable anti-VSG IgA titer, the kidney has
elevated titers even in non-infected mice. These are likely natural polyreactive
IgAs??t  whose relevance in Trypanosomiasis, if any, remains to be elucidated.
Although our data show the presence of plasmocytes and thus suggest that local
immunoglobulin production in the AT is likely occurring (Fig. 17G-17J), how
important this production is for the overall humoral response requires further

investigation.

The observation that C3” mice are not as efficient at reducing parasite load in non-
lymphoid solid tissues on day 9 is intriguing (Fig. 18G and 18H). It has been
previously reported that, while the parasite is at least partially resistant to
complement-mediated lysis!66.222.223  the complement system is important for T.
brucei opsonization and kiling via phagocytosist®*?23, In the absence of
complement opsonization, macrophages can still phagocytose T. brucei, albeit less

efficiently?23-225,

Classical activation of the complement system requires IgM or IgG binding the
parasite to initiate binding of complement components to the Fc-region. Unlike 1gG,

opsonization by IgM alone does not promote macrophage phagocytosis, as these
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cells lack the FcuR®’. Hence, IgM-promoted phagocytosis requires opsonization by
the complement system. Given that in the AT, anti-VSG IgM and IgG titers are
significantly lower than in the spleen (a proxy for the blood) (Fig. 17), it is tempting
to speculate that the parasite control in AT (and perhaps other solid organs) is more
dependent on complement opsonization, while in the spleen the faster accumulation
of specific IgG could reduce complement-dependency.

Further studies are required to better understand the role of the complement system
in T. brucei infection, including a quantitative analysis of the complement

components and immunoglobulins in multiple tissue types throughout infection.

Parasite immune evasion in the AT could also be achieved by an increased activity
of immunosuppressive effectors when compared to other organs. Our
transcriptomic data show an upregulation of multiple immune-suppressive genes
(Fig. 10B), which is further validated by a progressive accumulation of Treg cells
(Fig. 13F). This suppressive response serves to prevent over-activation of the
immune system and reduce immunopathology but can be exploited by pathogens

to reduce immune pressure on them.

In this scenario it is possible that one or multiple of these suppressive mechanisms
prevent sterile tissue immunity. As such, we sought to disrupt the
immunosuppressive PD-1/PD-L1 axis which shows evidence of being upregulated
in the AT during infection. This disruption led to no significant alterations in the
number of parasites in the AT (Fig. 19D). Thus, it is unlikely that this

immunosuppressive axis is a determining factor for parasite colonization of the AT.

How do parasites evade the immune response in the AT?

Antigenic variation is the hallmark immune evasion strategy used by African
trypanosomes. At any given time during infection a small subset of VSGs is
dominant among the BSF population??%, leading to the mounting of VSG-specific
IgM responses. These IgM responses are efficient at eliminating parasites
expressing their cognate VSG but exert no effect on parasites expressing a different
VSG coat. It is possible that when parasites colonize solid tissues, they adapt VSG
gene regulation to fine tune antigenic variation. If for example, VSG switching

occurred more frequently, perhaps the tissues could be the source of new VSG
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variants that escape more efficiently the immune response. This hypothesis remains
to be investigated.

Another immune evasion strategy employed by T. brucei is its ability to remove
VSG-bound antibodies through endocytosis of the VSG-Ig complex. This process
requires a hydrodynamic drag force to propel the VSG-lg complex towards the
parasite’s flagellar pocket and protects the parasite from Ig-mediated opsonization
until a critical antibody threshold is reached?!®®. Factors affecting this hydrodynamic
drag force include the milieu’s viscosity, the parasites swimming speed and the

interstitial fluid’s flow speed66.167,

It is possible that these and other biophysical factors may vary between the blood
and interstitia of different organs'®’, thus granting the parasite a varying capacity to
neutralize antibody responses. This could confer to parasites an immune-

independent resistance to antibody-mediated phagocytosis.

In summary, we show that an active immune response is mounted in the AT against
T. brucei, where parasite burden is controlled using the same overarching
components of the systemic immune response. Whether these host-protective
components are as effective in the AT as in other tissues and the blood requires
further study.
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Part 2: Adipose tissue metabolism during a T. brucei infection
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Results of Part 2
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1. Effect of T. brucei infection on adipocyte lipid metabolism

Natural infections of T. brucei induce a marked debilitation of overall physical
condition of mammalian hosts. This includes a progressive loss volume of AT
depots, which has classically been interpreted as part of the progressive wasting
phenotype observed in African trypanosomiasis. However, these changes in the AT
of infected hosts may be more than a systemic consequence of disease progression

and may in fact be the result of local (i.e. within tissue) insults.

Indeed, we now know that these AT depots harbor high numbers of tissue-adapted
parasites and that a progressive accumulation of immune cells occurs in the AT.
These leukocytes and parasites may play an active role in modulating the local
adipocyte metabolism. In turn, disruption of AT metabolic homeostasis may induce
significant changes in whole-organism bioenergetics as well as reciprocal
modulation of local parasite growth/survival and immune response efficacy.
Accordingly, studying the AT of T. brucei infected hosts may reveal novel biology of

host-pathogen interactions and AT biology in disease.

1.1. T. brucei infection induces loss of adipose tissue weight and
adipocyte area

First, we sought to study the dynamics of AT weight loss in detail using C57BL/6J
mice infected with pleomorphic T. brucei via intraperitoneal injection. These mice
were then euthanized at different time-points post-infection and 4 distinct AT depots
were harvest and weighed. These were: visceral gonadal (white) AT, visceral
retroperitoneal (white) AT; inguinal subcutaneous (white/beige) AT; interscapular
(brown) AT.

Infected mice show a progressive loss of weight of individual white AT depots.
Indeed, by day 10 post-infection a 40% loss of gonadal AT mass (i.e. largest visceral
white AT depot) was observed, which progressed to a 61% and 70% loss by days
16 and 30 post-infection, respectively (Fig. 20A). A similar weight loss was observed
for the retroperitoneal AT and the inguinal AT. Specifically, the retroperitoneal AT
presented a 45% mass reduction by day 10 post-infection and was no longer

macroscopically identified by day 30 post-infection.
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Among the tested AT depots, the inguinal AT presented the fastest loss of overall
mass, showing a reduction of approximately 40% between days 4 and 6 post-
infection and was no longer macroscopically identifiable by day 10 post-infection.
Interestingly, loss of AT weight appears to be specific to white AT depots, as the
interscapular (brown) AT depot remained relatively stable throughout infection,
presenting a maximum of 25% weight reduction by day 30 post-infection (Fig. 20A).

To assess whether the observed loss of AT weight was associated with a reduction
in adipocyte size, we analysed H&E-stained sections of the gonadal AT at different
time-points post-infection. A progressive reduction in lipid droplet size was observed
concomitant with the accumulation of inflammatory infiltrates (Fig. 20B).
Quantification of lipid droplet areas revealed an average reduction of 20%, 44%,
54%, and 64%, by days 6, 10, 16 and 30 post-infection, respectively (Fig. 20C).

Overall, these data show that during infection white AT depots undergo a
progressive weight loss that is correlated with a reduction of individual adipocyte
sizes. In turn, this suggests that a T. brucei infection disrupts the balance between
lipid anabolism and lipid catabolism of white adipocytes. This imbalance should
favor the mobilization of stored intracellular fat over lipogenesis, leading to a

reduction in adipocyte volume.
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Figure 20 — Dynamics of adipose tissue weight and adipocyte size during infection.
(A) Weight of gonadal, interscapular brown, retroperitoneal and inguinal subcutaneous
adipose tissues throughout infection. (B) Representative hematoxylin & eosin micrographs
of gonadal AT at different time-points post-infection. Scale bar length = 250 pm,
magnification = 20x. (C) Quantification of lipid droplet area of the gonadal AT at different
time-points post-infection. Error bars represent the SEM (n = (A) 5-12 or (C) 4-10 mice per
group). Statistical analysis was performed with one-way ANOVA using Sidak’s test for
multiple comparisons. *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.

1.2. Adipocyte lipolysis is increased during a T. brucei infection

Next, we sought to identify whether adipocyte lipolysis (i.e. a major player of fat
mobilization) is activated during T. brucei infection. Gonadal AT from infected and
control mice was harvested at different time-points post-infection and incubated ex
vivo to allow for the release of lipolytic products (i.e. fatty acids and glycerol), which
were subsequently quantified (Fig. 21A). A significant increase in fatty acid release
was observed from the gonadal AT of mice infected for 6 and 9 days (Fig. 21B). At
day 16 post-infection the opposite was observed, as on average fewer fatty acids
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were release from the AT of infected mice when compared to non-infected controls
(Fig. 21B).

Likewise, an increase in glycerol release was observed by days 6 and 9 post-
infection, but not by day 16 post-infection (Fig. 21C). On average the fold increase
was for glycerol was higher than that observed for fatty acids. This difference may
in part be due to glycerol secreted by the parasite. Indeed, significant amounts of
glycerol are produced by T. brucei during glycolysis, especially under hypoxic

conditions?27:228,
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Figure 21 — Increased ex vivo lipolysis during a T. brucei infection. (A) Schematic
representation of an ex vivo lipolysis assay using AT explants (figure created using
BioRender.com). Release of (B) fatty acids and (C) glycerol from AT explants. Error bars
represent the SEM (n = 17-18 mice per group, pooled data from 3 independent
experiments). Statistical analysis was performed with one-way ANOVA using Sidak’s test
for multiple comparisons. *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.
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2. Effect of adipocyte-specific lipase deficiency in infection

2.1. ATGL-dependent lipolysis prolongs host survival

After establishing that adipocyte lipolysis is increased during a T. brucei infection,
we questioned whether its activation affects disease progression. To assess this,
we infected adipocyte-specific lipase deficient mice, which express a Cre
recombinase under the control of the adiponectin promoter and have loxP sites
flanking either the Pnpla2 (ATGL) or Lipe (HSL) gene. Thus, these mice should
show no expression of ATGL or HSL in cells that express adiponectin (i.e.
adipocytes).

Infected adipocyte-specific ATGL deficient (Adipog®®*Atgl"™ mice showed
significantly shorter survival than their WT littermate controls (Atgl¥™) (Fig. 22A),
suggesting a protective role for ATGL-mediated lipolysis during infection.
Conversely, infected adipocyte-specific HSL (Adipogce/+-Hsl"f) deficient mice were
equally susceptible to infection as their WT littermate controls (Hsl¥f) (Fig. 22C).
Absence of either lipase had no significant effect on the control of the first peak of

parasitemia or on late-stage (i.e. 10 days preceding death) (Fig. 22B and 22D).

Necropsy of moribund mice revealed significantly larger gonadal AT depots in
Adipoqcre+-Atglif mice when compared to Atgl™f, Hsl¥ and AdipogCre/+-Hsl¥ mice
(Fig. 22E and 22F). This suggests that AT mass loss during infection is primarily
dependent on ATGL activity in the AT.
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Figure 22 — Effect of adipocyte-specific lipase deficiency in infection. Survival curves
of T. brucei infected (A) Adipog®®*-Atgl™ or (C) Adipoq®®*-HsI" and respective WT
littermate controls. Logl0 parasitemia numbers in the first twelve and last ten days of
infection in (B) Adipog®®*-Atgl" or (D) Adipoq®™®*-HsI" and respective WT littermate
controls. Terminal (E) gonadal AT mass and (F) gonadal AT mass to body weight ratio of
Adipog©®*-Atgl™ and Adipog“*®*-HsI" respective WT littermate controls. Error bars
represent the SEM ((B/D) n= 8-10 and (E/F) n=5-9 mice per group). Statistical analysis was
performed with (A/C) Log-rank (Mantel-Cox) test and (E/F) one-way ANOVA using Sidak’s
test for multiple comparisons. *, P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001. (A)
Pooled data from two independent experiments.
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2.2. Fat mass loss is dependent on adipocyte ATGL activity

Next, we questioned how ATGL-deficiency may impact mouse whole body
composition. Specifically, we hypothesized that in the absence of ATGL activity
infected mice would be unable to mobilize energy stored in the form of TAG within
adipocytes. In turn, this could potentially be compensated by skeletal muscle
proteolysis which would precipitate the hallmark cachexia phenotype observed
during natural infections and thus account for the shorter lifespan observed in
infected Adipoqce’+-Atgli/ mice. To assess this, we performed a longitudinal study
of body composition by nuclear magnetic resonance, which allowed us to follow total

body weight, free fluid, fat and lean mass.

Total body weight of Atgl¥ and AdipogCre/+-Atgl?f followed a similar profile with a
trend for increased loss of total weight in the absence of ATGL activity in adipocytes.
Both groups showed an initial loss of approximately 5% of total body weight during
the first peak of parasitemia (i.e. days 5-7 post-infection), followed by a rapid
recovery and relative stability until day 20 post-infection (Fig. 23A). Afterwards, total
body weight declined for both WT and KO mice, with a trend for Adipoqce/+-Atglfi/f
to show lower total weight during the latest stages of infection (i.e. by day 30 post-
infection) (Fig. 23A).

During infection, a clear increase in free fluid mass was observed in both WT and
KO mice (Fig. 23B), which was likely due to the formation of widespread edema that
stems from the increased vascular leakage known to occur during T. brucei

infection?s.

As expected, Adipoqce’+-Atgl"f mice present significantly increased retention of fat
when compared to Atgl" mice (Fig. 23C). By day 8 post-infection, while Atgl?f mice
lost over 40% of total fat mass, Adipoqce/+-Atgl? mice presented only a modest 8%
loss (Fig. 23C). Afterwards, Adipog€re/*-Atgl?f mice steadily lost fat mass, reaching
an average 33% loss by day 30 post-infection — significantly less than the 49%
experienced by Atgl mice. This suggests that both ATGL-dependent and ATGL-

independent mechanisms contribute to fat loss during a T. brucei infection.

Lastly, lean mass progression showed a similar profile to total body weight

progression. Both experimental groups showed an initial decrease in overall lean
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mass by day 6 post-infection, which was followed by an increase in total lean mass
in the following days, peaking by day 12 post-infection at levels above baseline (Fig.
23D). This increase in total lean mass likely stems from hepatomegaly and
splenomegaly observed during T. brucei infections??°. After this peak, both groups
progressively lost lean mass, with an overall trend for Adipogce*-Atgl"! mice to
show lower lean mass retention than Atgl¥ mice. To further characterize the
changes in total lean mass, we performed histopathology analysis of several

skeletal muscles, which represent the major source of lean mass.

To assess whether adipocyte ATGL activity modulates myofiber size and overall
immunopathology, we performed histopathology analysis of the heart, diaphragm
and hindlimb muscle at different time-points post-infection In addition, we also
analysed the lungs of these mice, as respiratory distress is a commonly observed
in moribund animal of this experimental model. If adipocyte-ATGL activity exerts a
protective role on skeletal muscle, we would expect that Adipoqce*-Atglif mice
would present higher and earlier skeletal muscle pathology than Atgl?f controls.

All analysed tissues, regardless of host genotype, showed inflammatory infiltrates.
These were mostly mononuclear in nature, comprised by macrophages, plasma
cells and lymphocytes. In the case of the hindlimb muscle, numerous neutrophils
were also visible. In the heart, inflammatory infiltrates were present mostly in the
subepicardium and atrium as well as in the adjacent AT. In the lung the inflammatory
infiltrates were perivascular, peribronchial and interstitial. In the diaphragm, the
infiltrates were interstitial (i.e. between muscle fibers). Lastly, in the hindlimb
muscles, the infiltrates were predominantly interstitial but were also present in

perineural and perivascular regions, as well as in the adjacent AT.

Surprisingly, no overt changes in myofiber diameter (i.e. indicative of cachexia) were
observed in either Atgl¥ or Adipoqce/+-Atgl! mice. Moreover, semi-quantitative
pathology analysis of the assayed tissues revealed no significant differences
between Atglf and AdipoqgCcre/*-Atglif mice at any of the time-points assessed (Fig.
23E).

In summary, ATGL activity in adipocytes during infection promotes loss of fat mass
which is not correlated with significant changes lean mass retention nor modulation

of skeletal muscle pathology.
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Figure 23 — Effect of adipocyte-specific ATGL deficiency in body composition and
skeletal muscle pathology. (A) Total body weight, (B) free fluid mass, (C) fat mass and
(D) lean mass relative to baseline. (E) Heatmap of pathology score (n=4-7 mice per group).
Error bars represent the SEM ((A-D) n= 27-32 mice per group). Statistical analysis was
performed with (A-E) mixed-effects Two-way ANOVA using Sidak’s test for multiple
comparisons. *, P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001. (A-D) pooled data from
four independent experiments.

As Adipog©re*-Atgl"™ mice showed a slower loss of fat mass during infection we

decided to further characterize the impact on adipocyte ATGL activity within the AT.
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First, to confirm that ex vivo lipolysis observed in WT mice was indeed dependent
on ATGL activity we compared fatty acid and glycerol release from the gonadal AT
of infected and non-infected Atgl"f and AdipogCre/+-Atgl¥i mice (Fig. 24A and 24B).
As expected, by day 6 post-infection Atgl"f but not AdipogC€re/+-Atgl¥f mice presented
a significant increase in both fatty acid and glycerol release when compared to the
non-infected controls (Fig. 24A and 24B). Interestingly, high variability was observed
for glycerol release in infected AdipogCe/+-Atgl"M mice, suggesting that this

metabolite is being produced by alternative pathways or by the parasite itself.

We further confirmed that ATGL-dependent lipolysis is central in T. brucei induced
lipid droplet size reduction, as Adipoqce*-Atgl! mice maintain a stable average
adipocyte size (i.e. *900 pum?) while Atgl" mice experience a progressive reduction
in adipocyte size of up to 75% by day 30 post-infection (Fig. 24C and 24D).

Collectively, these data show that, during a T. brucei infection, adipocyte lipolysis
occurs mainly through ATGL activation and that in the absence of this lipase,

adipocytes are able to retain their lipid droplet size.
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3. Upstream signals of T. brucei induced lipolysis

After establishing that a T. brucei infection induces ATGL-dependent adipocyte
lipolysis, we sought to understand the upstream signal(s) underlying this activation.
A multitude of distinct stimuli may contribute to the induction of adipocyte lipolysis.
These include immune, neuronal and hormonal signals*2. Accordingly, we used in
vivo and in vitro models in which several of these factors were modulated and
assessed whether upregulation of adipocyte lipolysis and/or loss of fat mass would

no longer occur.

3.1. Infection-induced lipolysis does not depend on feeding behavior

Adipocyte lipolysis is tightly regulated by whole-organism energy balance, which in
turn is highly dependent on feeding behavior. We thus investigated whether the
increase in adipocyte lipolysis during a T. brucei infection stems from a reduction in
food intake. This is especially relevant as our group has previously shown that
infected mice undergo a transient period of hypophagia around the first peak of
parasitemia (i.e. days 4 to 10 post-infection)?®.

To test the impact of food intake in T. brucei induced adipocyte lipolysis we
synchronized the food intake of infected and control mice prior to sacrifice. To
achieve this, mice were forced to fast for 7 h during peak activity time and then
allowed to re-feed for 2 h prior to sacrifice (Fig. 25A). This experimental setup
ensures that both infected and non-infected mice were under a fed status when
euthanized. Analysis of ex vivo release of lipolytic products from gonadal AT of
infected mice showed and overall increase in fatty acid and glycerol release
between days 6 and 12 post-infection, albeit with significant biological variability
across infected mice (Fig. 25B and 25C). A significant difference in fatty acid release
was observed by days 6 post-infection, showing an approximate 1.5-fold increase
of fatty acid release from the AT of infected mice when compared to non-infected
controls. Additionally, a significant 2.4-fold decrease was observed in fatty acid
release by day 16 post-infection. Moreover, glycerol levels released from gonadal
AT of infected mice were significantly increased (i.e. 1.8 to 2.5-fold) between days
8 and 12 post-infection (Fig. 25C).
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As shown above (Fig. 20B and 20C), during the course of infection, adipocyte’s lipid
droplets become progressively smaller, reducing the overall lipid content of the AT.
Concomitantly, a progressive immune infiltration alters the cellular makeup of the
AT?30_ Together, these changes result in a significant enrichment of the AT’s protein
content. In turn, this may constitute a confounding factor in the assessment of the
ex Vvivo lipolytic rate, as protein content is one of the variables used to calculate this
rate. Accordingly, we quantified the ratio between total AT explant mass and its
protein content throughout infection. Here, by day 12 post-infection we observed a
2-fold positive increase in relative protein content, which progressed to 2.4 and 4-
fold increase in protein content by days 14 and 16 post-infection, respectively (Fig.

25D), which may lead to underestimation of lipolytic rates later in infection.
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Figure 25 — Feeding synchronization does not prevent T. brucei induced adipocyte
lipolysis. Schematic representation of the fasting and re-feeding experimental layout.
Release of (B) fatty acids and (C) glycerol from gonadal AT explants of infected and non-
infected WT mice, normalized to non-infected mice. (D) Explant protein to total mass ratio.
Error bars represent the SEM ((B-C) n= 5-10 mice per group). Statistical analysis was
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P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001.
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To further demonstrate that reduced food intake is not the primary inducer of
adipocyte lipolysis during a T. brucei infection, we performed a paired-feeding
experiment. Here, individually housed infected and control mice were allowed to
feed Ad libitum (AL) and their food intake was registered daily. An additional group
of non-infected and pair-fed (PF) mice was established. In this group, the amount of
food provided to each mouse was limited to the amount of food consumed by its
pre-arranged infected counterpart in the previous 24 h (Fig. 26A). As previously
reported!?, infected mice show an hypophagia phenotype early during infection (Fig.
26B). As early as day 4 post-infection, we observed a significant 17% reduction in
food intake.

This hypophagia phenotype progressively worsened, reaching a 27% and then 50%
decrease in food intake by days 6 and 8 post-infection (Fig. 26B). This hypophagia
phenotype was not sufficient to significantly increase ex vivo release of fatty acids

by when compared to day 6 or 8 infected mice (Fig. 26C and 26D).

Overall, these data suggest that disease-induced hypophagia is not the main cause

of increased adipocyte lipolysis during a T. brucei infection.
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Figure 26 — Disease induced hypophagia is not responsible for T. brucei induced
adipocyte lipolysis. (A) Schematic representation of the paired-feeding experimental
layout. (B) Daily food intake normalized to non-infected ad libitum fed mice. (C-D) Release
of fatty acids from gonadal AT explants of infected and non-infected WT mice, normalized
to ad libitum fed non-infected mice. Error bars represent the SEM ((B-D) n= 4-9 mice per
group). Statistical analysis was performed with (B) Two-way ANOVA and (C-D) One-way
ANOVA using Sidak’s test for multiple comparisons. *, P<0.05; **, P<0.01; ***, P<0.001;
*x P<0.0001. (C-D) Pooled data from two independent experiments.

3.2. Infection-induced lipolysis requires immune cues but not
sympathetic innervation

As hypophagia is not the main inducer of adipocyte lipolysis during a T. brucei
infection, next we investigated neuronal and immune cues known to induce

adipocyte lipolysis.

The nervous system is also a central player in the regulation o adipocyte lipolysis.

The sympathetic nervous system responds to stimuli such as cold, fasting and even
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leptin produced in the AT. In turn, sympathetic neurons release noradrenaline in the
AT, which will bind to B3-adrenergic receptors on the surface of adipocytes leading
to the activation of lipolysis. To test whether sympathetic innervation contributed to
T. brucei induced fat loss, we infected mice chemically sympathectomized with 6-

hydroxydopamine (6-OHDA), a neurotoxic analogue of dopamine.

Contrary to our hypothesis, body composition analysis revealed a transiently faster
loss of fat mass in the 6-OHDA treated group when compared to sham controls (i.e.
16% higher loss of fat mass by day 6 post-infection) (Fig. 27A). However, this
difference was not kept at later time-points, as by day 12 post-infection both groups
presented similar losses of fat mass. These data suggest that differential
sympathetic input is not involved in T. brucei induced loss of fat mass, and likely in

lipolysis induction.

Next, we tested whether immune factors were responsible for increased adipocytes
lipolysis during a T. brucei infection. To test this, we infected Rag2”- mice, which are
highly immunosuppressed lacking both B and T cells and usually succumb to
infection by day 15 post-infection?3.,

Body composition analysis of infected Rag2--mice revealed a clear reduction in the
loss of overall fat mass when compared to infected WT controls (Fig. 27B). Indeed,
by day 6 post-infection while WT mice presented a 25% reduction in total fat mass,
Rag2”- mice showed no significant loss of fat mass. As infection progressed, Rag2-
I~ mice showed a modest loss of fat mass. Specifically, by day 12 post-infection
Rag2” mice had lost 14% of total fat mass, significantly less than the 37% loss of

fat mass exhibited by infected WT mice at the same time.

To assess whether this higher retention of fat mass in infected Rag2’ mice
correlated with a failure to upregulate adipocyte lipolysis, we assessed the release
rate of fatty acids from gonadal AT explants of infected Rag2”- mice and compared
it to both infected and non-infected WT controls (Fig. 27C). Indeed, unlike WT
infected mice, infected Rag2’ mice failed to upregulate adipocyte lipolysis,
suggesting that in these mice higher fat mass retention is correlated with reduced

adipocyte lipolysis.

We then investigated whether the lipolysis-inducing immune factor was present in

the serum of infected mice. To assess this, plasma was harvested from WT and
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Rag2” mice after 6 days of infection, as well as non-infected WT controls, and was
then added to an in vitro culture of 3T3-L1 adipocytes. While the plasma from WT
infected mice was able to induce an increase in the release of fatty acids (Fig. 27D),
serum from Rag2” infected mice failed to elicit an increase in the release of fatty
acids. These data suggest that during infection, a soluble factor likely released by B
or T cells is able to induce adipocyte lipolysis.

A fitting candidate that is produced by T cells and is known to induce adipocyte
lipolysis is TNF-a230-232, This pro-inflammatory cytokine binds to the TNF-receptor 1
on the surface of adipocytes and is able to activate adipocytes lipolysis through
ERK1/2 and PKA mediated mechanisms’®8’, Moreover, this cytokine has been
extensively associated with highly catabolic scenarios, such as cachexia'®233, To
test whether TNF-a drives the loss of fat mass during a T. brucei infection, we
infected Tnfa’- and followed their body composition for 12 days (Fig. 27E). These
mice showed small delay in fat mass loss when compared to WT controls.
Specifically, by day 6 post-infection Tnfa”’ showed a 16% reduction in fat mass
whereas WT mice had lost 39% of total fat mass. However, from day 9 post-infection

onwards, overall loss of fat mass was similar between the two experimental groups.

As previously performed with sera from Rag2 infected mice, we stimulated 3T3-L1
adipocytes with sera isolated from Tnfa’-and WT infected controls. Unlike sera from
infected Rag2”- mice, sera extracted from Tnfa’-mice was able to induce the release
of fatty acids to a similar extent as sera from infected WT mice (Fig. 27F).
Collectively, these data show that TNF-a is not necessary for T. brucei induced

lipolysis.
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Figure 27 — T. brucei induced loss of fat mass is dependent on an adaptive immune
response. (A) Fat mass relative to baseline of infected mice chemically sympathectomized
with 6-OHDA and infected sham controls. Fat mass relative to baseline of B) Rag2” and
(E) Tnfa’” mice and WT controls. (C) Release of fatty acids from gonadal AT explants of
infected WT and Rag2” mice normalized to non-infected WT controls. Fatty acid release
from 3T3-L1 adipocytes stimulated for 24 h with 10% plasma from infected (D) Rag2” and
(F) Tnfa” or with plasma from WT infected and non-infected controls.. Error bars represent
the SEM ((A/B/C/E) n= 4-6 mice per group). Statistical analysis was performed with (A/B/E)
Two-way ANOVA and (C/D/F) One-way ANOVA using Sidak’s test for multiple
comparisons. *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.

92



These data suggest that activation of adipocyte lipolysis and ensuing loss of fat
mass during a T. brucei infection are primarily induced by a soluble immune factor(s)

produced by T and/or B lymphocytes.

3.3. Parasite-adipocyte interactions induce lipolysis

Unlike most infectious agents, T. brucei shows a disproportionately high
accumulation in the interstitial spaces of the AT. This places the parasite in a
privileged position to perform direct cell-cell interactions with the host’s adipocytes.
As described for other pathogens, it is feasible that T. brucei derived PAMPs may
engage adipocyte PRRs leading to downstream activation of lipolysis. However, this
hypothesis is challenging to study in an in vivo setting, as concomitant with these
parasite-adipocyte interactions a myriad of other lipolysis-inducing signals are being

modulated (e.g. immune signals).

To circumvent confounding factors, we established a co-culture system of
differentiated 3T3-L1 adipocytes that allows for parasite growth and enables the
assessment of lipolytic rates in the absence of host-derived confounding factors.
Accordingly, we incubated 3T3-L1 adipocytes for 24 h with 107 T. brucei parasites
and then replaced the culture media with lipolysis assay medium, as described

previously for the ex vivo lipolysis assay.

Adipocytes co-cultured with T. brucei showed a significant increase in the release
of fatty acids and glycerol. As observed during an in vivo infection, this T. brucei
induced lipolysis was dependent on ATGL activity, as treatment of atglistatin (i.e.
mouse ATGL inhibitor) abrogated the increase of both lipolysis end-products (Fig.
28A and 28B).
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Figure 28 — T. brucei-adipocyte interactions are sufficient to induce ATGL-dependent
lipolysis. Release of (A) fatty acids and (B) glycerol from 3T3-L1 adipocytes incubated for
24 h with 107 Lister 427 T. brucei and non-infected controls in the presence or absence of
50uM of the ATGL inhibitor atglistatin. Error bars represent the SEM (n= 3 cultures per
group). Statistical analysis was performed with One-way ANOVA using Sidak’s test for
multiple comparisons. *, P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.

3.4. Adipocyte lipolysis is induced by a secreted T. brucei factor

We then questioned whether direct cell-cell contact is required for T. brucei-induced
lipolysis in a co-culture setting. To assess this we used a transwell system with 0.4
um pore diameter. In this setting, adipocytes are differentiated on the bottom of the
culture plate and the parasites are placed inside the transwell insert (i.e. no contact
with adipocytes) or outside the transwell insert (i.e. direct contact with adipocytes)
(Fig. 29A). As parasites have a width between 2 and 3 um, we selected a pore size
that allows for unrestricted exchange of soluble factors but does not allow parasite
traversal.

As shown previously, T. brucei co-cultured for 24 h in direct contact with adipocytes
was still able to induce a robust increase in adipocyte release of fatty acids and
glycerol (Fig. 29B and 29C). However, direct contact was not essential for T. brucei
induced adipocyte lipolysis. Indeed, parasites cultured inside the transwell insert
were able to induce a significant increase in adipocyte lipolysis, although this
increase was lower than that induced by parasites cultured outside the insert (Fig.
29B and 29C). Accordingly, these data suggest that a soluble T. brucei secreted
factor(s) is sufficient to induce adipocyte lipolysis.
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A soluble factor could induce lipolysis via a ligand-receptor interaction. Alternatively,
the presence of parasites in the same culture as the adipocytes could lead to a
metabolite competition and modulate adipocyte metabolism. To distinguish between
these two possible effects, we reasoned that a crude lysate of T. brucei would
contain the soluble factor, but would not compete for metabolites in the medium. To
test this, we prepared crude T. brucei lysates through repeated flash freeze and
thaw cycles and stimulated 3T3-L1 adipocytes for 24 h with lysates equivalent to

5x10° lysed T. brucei parasites.

As hypothesized, lysate-treated adipocytes showed a significant increase in both
fatty acid and glycerol release when compared to non-treated/infected controls (Fig.
29D and 29E). The fact that lipolytic effect is not as strong as in live parasites could
be due to multiple reasons, including partial loss of the soluble factor during lysate
preparation, soluble factor may form non-physiological interactions during lysate

preparation, partial degradation or loss of activity, among others.

In sum, these data show that in vivo activation of adipocyte lipolysis and loss of fat
are independent of changes in feeding behavior and modulation of sympathetic
input and occurs primarily through activation by immune factors produced by
lymphocytes. Concomitantly, high parasite burdens may also induce adipocyte
lipolysis through yet unknown parasite-adipocyte interactions, whose relevance in

Vvivo remains to be elucidated.
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Figure 29 — Soluble T. brucei factors are sufficient to induce adipocyte lipolysis. (A)
Schematic representation of 3T3-L1 - T. brucei co-cultures using a transwell setting (figure
created using BioRender.com). Release of (B) fatty acids and (C) glycerol from 3T3-L1
adipocytes incubated for 24 h with 107 Lister 427 T. brucei parasites inside or outside the
transwell insert and non-infected controls. Release of (D) fatty acids and (E) glycerol from
3T3-L1 adipocytes incubated for 24 h with 107 Lister 427 T. brucei parasites or stimulated
with cell lysates equivalent to 5x10° Lister 427 T. brucei parasites and non-infected controls.
Error bars represent the SEM (n= 3-4 cultures per group). Statistical analysis was performed
with One-way ANOVA using Sidak’s test for multiple comparisons. *, P<0.05; **, P<0.01,
*** P<0.001; **** P<0.0001.
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4. Effect of adipocyte lipolysis on parasite burdens

4.1. Adipocyte lipolysis contributes to the reduction of adipose tissue
parasite burden

Finally, we questioned whether adipocyte lipolysis per se is able to modulate the
number of parasites. As previously shown, neither Adipog€re/+-Atgl/f nor Adipogcre/+-
Hslf mice showed different blood parasite burdens when compared to littermate
controls. This indicates that adipocyte lipolysis is insufficient to modulate number of
parasites on a systemic level, but this does not exclude the existence of tissue-
specific effects. Indeed, AdipogCe+-Atgl"! mice present a transient 10-fold increase
in parasite number within the gonadal AT by day 10 post-infection (Fig. 30A). To
remove any bias due to a higher AT mass typically observed in Adipogce/+-Atgl"
compared to Atgl?f mice (i.e. due to loss of AT mass in Atgl¥ mice), we also plotted
the number of parasites per milligram (mg) of tissue (Fig. 30B). After this
normalization, Adipog€e/*-Atglf mice present on average a 7-fold increase in the

number of parasites in the gonadal AT compared to Atgl?f controls.

This transiently higher parasite burden appears to be restricted to the AT, as no
significant differences were found between the livers, spleens of lungs of Atgl"f and
Adipogcre+-Atgl" mice (Fig. 30C).

Together, these data suggest that adipocyte lipolysis induces a local host-protective
effect, limiting parasite numbers. This protective effect may be due to a multitude of
factors. On the one hand, released fatty acids and glycerol may exert an
immunomodulatory effect that increased the trypanocydal capacity of the local
immune response. Alternatively, these lipolytic products may directly modulate the
parasite’s cell cycle, promote differentiation between slender and stumpy forms, or

even exert a direct trypanocydal effect (e.g. lipotoxicity).
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Figure 30 — ATGL-dependent adipocyte lipolysis impacts adipose tissue parasite
burden. Log10 number of T. brucei parasites at different time-points post-infection per (A)
depot or (B) milligram of gonadal AT of Atgl™ and Adipoq®™*-Atgl"™ mice. (C) Heatmap of
number of T. brucei parasites in the liver, spleen and lungs of Atgl"" and Adipog®’*-Atgl™
mice at different time-points post-infection. Error bars represent the SEM ((A-B-) n= 5-17
and (C) n=4-7 mice per group). Statistical analysis was performed with Two-way ANOVA
using Sidak’s test for multiple comparisons. *, P<0.05; **, P<0.01; *** P<0.001; ****
P<0.0001.

4.2. Chemical induction of adipocyte lipolysis prevents T. brucei
growth

To test whether adipocyte lipolysis is able to directly control the number of parasites,
we co-cultured T. brucei with adipocytes and chemically induced adipocyte lipolysis
with the AC activator forskolin (Fig. 31A-B). Two distinct T. brucei cell lines were
used for this purpose: the pleomorphic AnTaT1.1 (i.e. in which proliferative parasites
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(slender forms) are able to differentiate into non-replicative transmissible parasites
(stumpy forms)) and the monomorphic Lister427 (i.e. unable to differentiate into

bona fide stumpy forms).

Strikingly, pleomorphic T. brucei co-cultured with forskolin-treated adipocytes were
unable to proliferate (Fig. 31C), while monomorphic T. brucei were able to
proliferate, albeit with a significant growth impairment (Fig. 31D). These effects were
not due to a direct effect of forskolin on the parasite, as axenic T. brucei cultures

were not affected by this compound (Fig. 31E-F).

This difference in behavior between pleomorphic and monomorphic parasite cell
lines prompted us to study whether adipocyte lipolysis could induce parasite
differentiation from replicative slender forms to cell cycle arrested stumpy forms. To
do this, we used the AnTatl.1E 90-13 GFP::PAD1utr reporter cell line, which allows

for identification of stumpy forms by detection of fluorescence emitted by GFP?34,

We co-cultured 3T3-L1 adipocytes with 5x104 parasites, a density insufficient to
trigger stumpy differentiation through parasite quorum sensing, in the presence or
absence of forskolin. We then quantified the percentage of GFP+ parasites at 4, 8
and 24 h post-inoculation by flow cytometry. Unlike anticipated, while no significant
differences were observed between conditions at 4 and 8 h post-inoculation, after
24 h parasites co-cultured with forskolin-treated adipocytes showed a lower
percentage of stumpy forms than vehicle-treated controls (16 vs 26%) (Fig. 32A).
This result suggests that not only does adipocyte lipolysis fail to promote stumpy
differentiation, it may even inhibit this differentiation process.

We then sought to identify whether adipocyte lipolysis was able to modulate stumpy
differentiation in an in vivo context. To do this, we infected Atgl?! and AdipoqgCre/+-
Atgl" mice with the same reporter cell line and isolated parasites from the gonadal

AT (i.e. ATFs) of these mice at day 6 post-infection.

ATFs extracted from the gonadal AT of Atgl? showed on average 20% of stumpy
forms, which is line with previously published data for the same time-point using WT
mice!® (Fig. 32B). Interestingly, on average 60% of ATFs extracted from the gonadal
AT of Adipogce*-Atglf were stumpy forms, supporting the an inhibitory role for

adipocyte lipolysis in stumpy differentiation.
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Figure 31 — Chemical induction of adipocyte lipolysis impairs T. brucei growth. Effect
of a 1 hour treatment with forskolin on the release of (A) fatty acids and (B) glycerol from
3T3-L1 adipocytes Number of (C) AnTatl.1 and (D) Lister427 T. brucei parasites co-
cultured with 3T3-L1 adipocytes stimulated daily with 20 uM forskolin or vehicle. Number of
(E) AnTatl.1 and (F) Lister427 T. brucei parasites cultured in HMI-11 medium stimulated
daily with 20 uM forskolin or vehicle. Error bars represent the SEM (C-F: n=3 wells per
group). Statistical analysis was performed with (A-B) unpaired t test or (C-F) Two-way
ANOVA using Sidak’s test for multiple comparisons. *, P<0.05; **, P<0.01; ***, P<0.001;
*x% P<0.0001. Data is representative of 3 independent experiments.
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Figure 32 — Adipocyte lipolysis does not promote stumpy differentiation. (A)
Percentage of stumpy forms (GFP+ cells) in co-cultures of 3T3-L1 adipocytes infected with
5x10* AnTatl.1E 90-13 GFP::PAD1utr parasites and treated with 20 uM forskolin or vehicle
(DMSO). Dashed line denotes the percentage of GFP+ events (= 3%) in the inoculum used
to infected 3T3-L1 adipocyte cultures. (B) Percentage of stumpy forms (GFP+ cells) in
AnTatl.1E 90-13 GFP::PAD1utr parasites isolated from the gonadal AT of Atgl" and
Adipog®*-Atgl"™ mice at day 6 post-infection. Error bars represent the SEM (A: n=5-6 wells
per group; B: 5-8 mice per group) Statistical analysis was performed with (A) Two-way
ANOVA using Sidak’s test for multiple comparisons or (B) two-tailed unpaired t-test. *,
P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001.

Together, data from these in vivo and in vitro infections indicate that adipocyte
lipolysis limits parasite growth through a mechanism that is independent of stumpy

differentiation.
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The role of the AT in whole-organism homeostasis has become an important study
in a multitude of pathologies. It is now acknowledged that the function of the AT is
not solely that of an inert storage of fat. Indeed, dysregulation of AT function has
systemic consequences and has thus been implicated in the establishment of
metabolic syndrome, in the increased incidence of multiple malignancies as well as
cardiovascular disease3'. Epidemiological and fundamental research data point

towards an important role for AT function in the pathogenesis of infectious diseases.

However, in most studies, this impact of AT function in disease progression does
not stem from a disruption of these tissues’ homeostasis by the infectious agent per
se but are rather the consequence of a pre-existing comorbidity or condition, usually

obesity and/or metabolic syndrome.

A likely exception to these cases may be found in pathogens that actively colonize
the AT. Among these, T. brucei infection is an interesting, and perhaps unique, case
where a high pathogen burden and pronounced immune response are found in the
AT. Both AT parasite burden and ensuing immune response are bound to disrupt
normal adipocyte function, which in turn affect pathogenesis.

Impact of ATGL-dependent adipocyte lipolysis on body fat

In this work we have shown that during a T. brucei infection adipocytes become
progressively smaller, in a process that correlates with an increase in ATGL-
dependent lipolysis. Other studies have shown a similar role for ATGL in the loss
of fat mass. Specifically, fully ATGL-deficient mice are protected from fat loss
induced by Lewis lung carcinoma or B16 melanoma cells!!6, Moreover, burn injury-
induced loss of body weight and adipocyte volume was partially prevented in
Adipoqgcre+-Atglf mice?3®. Interestingly, in a model of lymphocytic choriomeningitis
virus infection, where significant loss of AT and total weight occur, Adipogcre/*-Atgl™/f
mice were not protected from loss of total weight?36. This suggests the relative

relevance of ATGL in fat mass retention is disease-specific.

Increased adipocyte lipolysis is likely one among metabolic alterations occurring
simultaneously. Indeed, previous work in the early 1980s using rabbits
experimentally infected with T. brucei has established a link between hyperlipidemia

and reduced LPL activity due to increased TNF-a levels?®’. Here, inhibition of LPL
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prevented the export of lipids contained in lipoproteins from circulation and into the
AT, leading to decreased lipogenesis.

Elevated TNF-a levels are often found in pathological conditions where a wasting
phenotype, or cachexia, develops?3®23°. Moreover, treatment of several cell types,
including adipocytes, with this cytokine promotes the upregulation of catabolic
processes in detriment of anabolic ones, a phenotype often termed as cellular

cachexia?33,

Although never formally tested, this collective body of work led to the logic
conclusion that inhibition of lipogenesis may be central in the progressive

emaciation phenotype observed in natural and experimental T. brucei infections.

Recently, a greater appreciation of the complex inflammatory profile leading to the
development of cachexia has re-framed the role of TNF-a as one of many
inflammatory cytokines in the development and progression of wasting

syndromes*?®,

Although it remains to be elucidated exactly how relevant LPL activity is in the loss
of fat mass during a T. brucei infection, our data suggests that TNF-a is not sufficient
to induce fat loss. Consistently, TNF-a deficient mice, which should retain significant
LPL activity, showed only a small delay in loss of fat mass (Fig. 27C). Indeed, our
data show that fat loss and adipocyte volume reduction require the activation of
adipocyte lipolysis (Fig. 24D). This dominance of increased adipocyte lipolysis over
reduced lipogenesis in fat loss has also been reported in the context of CAC?40.

Ablation of adipocyte-ATGL significantly impaired loss of whole-organism fat mass,
however it was unable to completely abolish it (Fig. 23D). On the one hand, even in
absolute absence of adipocyte-lipolysis, a significant loss of total fat mass would still
be expected, as most cells are capable of storing fats within cytosolic lipid droplets,
which may then be consumed during infection. On the other hand, it is possible that
even in absence of adipocyte-ATGL during a T. brucei infection, TAG may still be
hydrolyzed at a slower rate by HSL. This lipase is able to hydrolyze TAG, despite
having 10-fold higher affinity for DAG?*1. Moreover, if at any point acid lipolysis is
activated in adipocytes during infection, LAL would be able to fully catalyze the
conversion of TAG into free fatty acids and glycerol without requiring the activity of

any neutral lipase®®.
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Altogether, our data show that activation of adipocyte lipolysis is a central, but not
exclusive, pathway in fat loss and emaciation during T. brucei infections. To the best
of our knowledge, this is the first report showing that adipocyte-ATGL activity is

involved in loss of fat mass in the context of an infectious disease.

Induction of adipocyte lipolysis

In this work, we attempted to isolate the specific signal(s) that induce adipocyte
lipolysis during a T. brucei infection. We were partially successful in this. We found
that both host-derived and parasite-derived factors are capable of inducing
adipocyte lipolysis. Among host-derived factors, T and B cell-secreted cytokines (or
secreted by other cells after T and/or B cell-dependent activation) are the best

candidates for adipocyte lipolysis inducers.

This immune-centric hypothesis is supported by the reduced loss of fat mass
observed in infected Rag2”’- mice (Fig. 27B), by their low ex vivo AT lipolysis upon
infection (Fig. 27B), and by the inability of their plasma, unlike plasma from infected

WT mice, to induce lipolysis on in vitro grown adipocytes (Fig. 27C).

In the future, assessing which cytokines are increased in the sera of infected WT
mice when compared to infected Rag2”- mice will provide us with a list of lipolysis
inducing candidates. These can then be selectively depleted from the plasma of
infected mice and then tested for their capacity to induce in vitro lipolysis. Ultimately,
this strategy should yield a short list of lipolysis-inducing cytokines that can be tested

further using in vivo models.

Although our data suggest that immune cues are the overarching inducers of
adipocyte lipolysis in vivo, we were able to show that T. brucei is also able to induce
adipocyte lipolysis in a co-culture system containing only parasites and adipocytes
(Fig. 29). This induction is higher upon direct parasite-adipocyte contact; however,
it also occurs to a lesser extent when parasite-adipocyte communication is limited

to soluble factors.

The nature of these parasite factors, their route of delivery (i.e. secretion, EV-loading
and exocytosis, surface-surface ligand-receptor interactions) as well as their

adipocyte interacting partners remain to be identified. The relevance of these
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interactions in an in vivo context are still a matter of speculation. It is possible that
early T. brucei-adipocyte interactions, preceding the formation of an immune
response, contribute to the upregulation of lipolysis in individual adipocytes. These
interactions could contribute to an early modulation of the microenvironment of the

AT (and other tissues containing adipocytes) to the parasite’s benefit.

Effect of adipocyte lipolysis on pathology

Mice deficient for ATGL-dependent adipocyte lipolysis showed a significant
reduction in survival when compared to WT littermate controls (Fig. 22A). These
differences were not due to changes in parasitemia, as Adipoqce’+-Atgl"f mice were
equally able as Atgl¥f to clear the successive parasitemia peaks, suggesting that

adipocyte lipolysis does not impact systemic parasite elimination (Fig. 22B).

Attempts to identify differential cause of death between Atgl# and Adipogcre/+-Atgl¥f
mice were thus far inconclusive, as all organs submitted to pathology analysis
showed comparable immunopathology, irrespective of host genotype (Fig. 23E).
This does not rule out a differential cause of death in AdipogCe/+-Atgl" mice, or a
faster progression towards the same cause of death of Atgl?f mice. Accordingly, a
future assessment of hematological, clinical chemistry and urinalysis parameters of
infected Atgl¥ and Adipogcre/+-Atgl¥f mice throughout infection may help identify
specific organ/system failures?#2. In turn, this will useful to further characterize the

impact of adipocyte lipolysis in overall disease progression.

Local parasite burden control by adipocyte lipolysis

The abundant availability of fatty acids and glycerol in the AT milieu may provide the
parasite with additional substrates for energy production through B-oxidation and
glycolysis. It is thus puzzling that increasing the availability of these metabolites
through upregulation of adipocyte lipolysis leads to a significantly reduced local

parasite burden.

Our data indicate that increased stumpy differentiation is not responsible for this
reduction in parasite numbers. In fact, data from two distinct models support a model
where increased adipocyte lipolysis exerts an inhibitory effect on stumpy

differentiation. Specifically, chemical induction of lipolysis on T. brucei-3T3-L1
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adipocyte co-cultures yields a significantly lower percentage of stumpy forms after
24 h of co-culture (Fig. 32A). Moreover, parasites extracted from the AT of lipolysis
deficient Adipoqce’+-Atglif mice at day 6 post-infection are predominantly stumpy

forms, unlike those extracted from WT littermate controls (Fig. 32B).

A likely scenario is that lipolysis is not directly modulating stumpy differentiation.
Instead, lipolysis may be limiting parasite growth through an alternative mechanism,
resulting in lower parasite densities, thus preventing activation of the density-
dependent parasite quorum sensing mechanism that governs stumpy
differentiation. Here, the parasite secretes two peptidases (i.e. Th927.11.12850 and
Th927.11.2500) that cleave host proteins into oligopeptides that induce stumpy

differentiation upon uptake’.

Another possible mechanism through which parasite density is limited by adipocyte
lipolysis relies on fatty acid induced lipotoxicity. Here, excessive fatty acid
endocytosis by T. brucei may exceed the parasite’s capacity to catabolize these
species through B-oxidation or to anabolize them into relatively stable acylglycerol
species stored into lipid droplets. This form of lipid-mediated parasite killing has
been elegantly shown in Toxoplasma gondii, where excessive supplementation of
unsaturated C18 and C16 fatty acids or inhibition of T. gondii DGAT-1 (i.e. inhibiting
lipid droplet formation) led to a marked reduction of doubling time and parasite
viability243.

Although lipid droplet formation has is yet to be thoroughly addressed in mammalian
stages of T. brucei, there is compelling evidence that their formation is essential for
procyclic from survival®**. Here, ablation of TbLpn, (Th927.7.5450) a lipin that
converts phosphatidic acid into diacylglycerol, leads to defective lipid droplet
formation, mitochondrial abnormalities and reduced parasite viability under culture
conditions?**, Considering the impact of lipid droplet formation in both T. brucei
procyclic forms and in mammalian infective T. gondii, it is tempting to speculate that
similar lipotoxicity phenotypes may occur with mammalian stages of T. brucei in the

interstitial spaces of the AT upon upregulation of adipocyte lipolysis.

Interestingly, the putative T. brucei DGAT-1 enzyme Tb927.3.1700%* is significantly
upregulated in parasites extracted from the AT when compared to parasites

extracted from the blood?®. This suggests that in the AT the parasite requires a
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higher conversion rate of DAG into TAG to remove excessive FFAs. It is thus
possible that under conditions of prolonged adipocyte lipolysis, the parasite’s ability
to transform FFAs into TAG or its overall storage capacity will be exceeded, resulting

in a lipotoxic effect.

Overall, further study on how adipocyte lipolysis improves host control over T. brucei
may lead to the identification of new mechanisms that may be useful in our
understanding of the pathology of trypanosomiasis and in the development novel

therapies against African trypanosomiasis.

In a broader view, and although further research is needed, this work suggest that
ATGL (and potentially other lipases) in adipocytes can play a microbicidal role. In
the future, it would be interesting to study whether and how adipocyte lipolysis
affects the pathogen burden of different microorganisms know to colonize the AT.
This is especially important because depending on the pathogen, adipocyte lipolysis
may promote distinct effects on pathogen proliferation. Specifically, it has been
shown that inhibition of ATGL or HSL inhibits intracellular Chlamydia pneumonia
growth in 3T3-L1 adipocytes'?!.This work is important for a general understanding
of the role for AT function in the pathogenesis of infectious diseases. Loss of fat
mass is a common clinical feature of many infectious diseases and may play a more
central role in pathogenesis than previously anticipated. Even in the absence of any
AT-associated disease (e.g. type 2 diabetes or obesity), we show that AT
metabolism can significantly impacts host survival. It remains to be clarified whether
other infectious diseases are similarly affected by modulation of AT metabolism,
especially those where the AT is a site of active infection (e.g. T. cruzi, M.

tuberculosis, HIV).

Importantly, pharmacological interventions aimed at managing type 2 diabetes
and/or obesity ultimately affect adipocyte metabolism. The use of these drugs is
becoming more widespread in response to the increasing in prevalence of metabolic
diseases. Accordingly, a greater understanding of how AT metabolism affects the
pathogenesis of different infectious diseases may be invaluable in the proper
treatment of infected patients concomitantly being treated with drugs that modulate
adipocyte metabolism.
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The study of extravascular colonization of tissues by T. brucei, and of properties of
each tissue that determine the extent of parasite colonization is just in its infancy.
Here, we attempted to understand which properties of the AT make it a preferential

target for colonization by T. brucei.

We found no evidence of a defective immune response in the AT, which could
provide the parasite with a niche where it escape the strong immune response
observed in the blood. In fact, we observed that an immune response is mounted in
the AT upon a T. brucei infection, and that this immune response contains protective
T and B cells, as well as VSG-specific antibodies. In turn, this local immune
response is able to clear extravascular parasites. However, a clear limitation of this
study is the inability to precisely assess the contribution of the local immune
response to local parasite elimination. This stems from the inability to disassociate
the effect of circulating immune factors (e.g. cytokines and antibodies) from those

locally produce in the AT.

Interestingly, in addition to parasite elimination, the immune response mounted
during a T. brucei infection is the central player behind the loss of fat mass. This
effect appears to be mediated by T and or B cells and occurs through ATGL-
dependent adipocyte lipolysis. In turn, inhibition of lipolysis promotes accumulation
of higher parasite burden, while activation of lipolysis prevents parasite growth. This
suggests in the context of a T. brucei infection, adipocyte lipolysis in the AT is a

trypanocidal mechanism.

The reason why parasites accumulate so extensively in the AT tissue remains to be
elucidated. One possible hypothesis stemming from this work is that colonization of
the AT promotes activation of ATGL-dependent adipocyte lipolysis, which in turn
prolongs host survival. In naturally occurring infections this would be advantageous
for the parasite, as increased host survival provides the parasite with more chances
of being taken up by a tsetse fly.

Another possible scenario is that the high parasite burdens observed in visceral and
subcutaneous AT depots are actually secondary events of another evolutionarily
selected trait. Specifically, T. brucei is known to accumulate in the vicinity of, and
interact with, dermal adipocytes?”-246, Chemotaxis-based homing of parasites to

these adipocytes would place them in a privileged anatomical position to be taken
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up the tsetse vector. As parasitemia is often undetectable in natural infections?47:248,
and thus transmission through blood uptake inefficient, alternative strategies to
increase transmission would pose a strong evolutionary driving force for the
parasite. Here, parasite homing to the AT has been shown to be partially dependent
on CD368, which, in addition to being ubiquitously expressed in adipocytes, is also
highly expressed in the skin?4°.

Several outstanding questions remain to be answered. First, which lymphocytes are
responsible for the loss of fat mass? This can be answered by performing adoptive
transfer of either CD4+ T cells, CD8+ T cells or B cells into Rag2” mice, enabling
us to determine the relative contribution of each of these cell types in the loss of fat
mass. Second, which cytokine(s) induce adipocyte lipolysis during infection? To
answer this, we will probe which cytokines are increased in WT infected mice when
compared to Rag2” infected mice. These cytokines can then be antibody-depleted
from the plasma of infected WT mice and then tested for its capacity to induce

lipolysis in in vitro grown adipocytes.

Another outstanding question pertains to the requirement for parasite colonization
of the interstitial spaces of the AT for lipolysis induction to occur. Unfortunately, this
is currently challenging to study using T. brucei, as no efficient way to block AT
colonization without significant systemic consequences has been found. A possible
alternative would be to compare mice infected with either T. brucei or T. congolense.
The latter is a close relative of T. brucei and also causes a chronic disease
characterized by successive waves of parasitemia while exclusively occupying
intravascular spaces?®. Accordingly, studying AT inflammation and metabolism
during a T. congolense infection may yield important data to understand T. brucei

biology.

Lastly, it remains to be elucidated how adipocyte-lipolysis helps control T. brucei
burden. In the future, assessing the parasite’s response to different concentrations
of fatty acids with varying lengths and saturations, as well as glycerol, will elucidate

which lipolytic component(s) enables parasite control.
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Figure 33 — A coordinated immuno-metabolic response protects the host at the
expense of fat mass. T. brucei infection induces immune cell recruitment to the adipose
tissue. In turn, these immune cells secrete inflammatory signals and antibodies that promote
immune clearance of the parasite and induce ATGL activity in adipocytes. Activation of
ATGL improves host survival and promotes loss of fat mass. Increased extracellular levels
of fatty acids and glycerol resulting from ATGL activity promote local parasite elimination,
possibly through lipotoxicity. Figure created using BioRender.com.
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S1 Table. Mapping information of RNA-Seq reads in samples from infected AT.

https://doi.org/10.1371/journal.ppat.1009933.s007

S1 File. RNA-seq raw counts and differential expression analysis.

(A) Raw counts and (B) reads per kilobase per million mapped reads from RNA-seq of AT
from non-infected mice (DO), n = 3, day 6 post-infection (D6), n = 3 and day 26 post-infection
(D26), n = 2. Differential expression analysis between (C) DO and D6, (D) DO and D26 and
(E) D6 and D26.

https://doi.org/10.1371/journal.ppat.1009933.s008

S2 File. Significant GO terms list.

GO term analysis from RNA-seq of AT from non-infected mice (DO), n = 3, day 6 post-
infection (D6), n = 3 and day 26 post-infection (D26), Up-regulated GO terms in the AT
between (A) D6vsDO, (B) D26vsDO0, (C) D26vsD6. Down-regulated GO terms in the AT
between (D) D6vsDO, (E) D26vsDO, (F) D26vsD6.

https://doi.org/10.1371/journal.ppat.1009933.s009

S3 File. Effect of tissue weight on immune cell number and parasite number
determination.

(A) Weight of spleens and ATs analysed. Data for entire organs and normalized to tissue
weight (B-C) parasite burden, (D-E) CD45+ cells, (F-G) neutrophils, (H-1) macrophages, (J-
K) monocytes, (L-M) effector CD4+ T cells, (N-O) effector CD8+ T cells and (P-Q) regulatory
T cells.

https://doi.org/10.1371/journal.ppat.1009933.s010

S4 File. Effect of tissue weight on B cell number determination.

(A) Weight of spleens and ATs analysed. Data for entire organs and normalized to tissue
weight (B-C) B cells and (D-E) activated B cells.

https://doi.org/10.1371/journal.ppat.1009933.s011

S5 File. Effect of tissue weight on parasite number determination.

Weight of organs used from infected (A) Rag2-/-, (B) Jht-/-, (C) Ifng-/-, (D) C3-/- and (E)
anti-PD1 treated mice, with respective controls. Data for parasite numbers in the entire
organ or normalized to tissue weight for infected (F-G) Rag2-/-, (H-1) Jht-/-, (3-K) Ifng-/-, (L-
M) C3-/- and (N-O) anti-PD1 treated mice, with respective controls.

https://doi.org/10.1371/journal.ppat.1009933.s012
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Abstract

Adipose tissue is one of the major reservoirs of Trypanosoma brucei parasites, the causa-
tive agent of sleeping sickness, a fatal disease in humans. In mice, the gonadal adipose tis-
sue (AT) typically harbors 2—5 million parasites, while most solid organs show 10 to 100-fold
fewer parasites. In this study, we tested whether the AT environment responds immunologi-
cally to the presence of the parasite. Transcriptome analysis of T. bruceiinfected adipose
tissue revealed that most upregulated host genes are involved in inflammation and immune
cell functions. Histochemistry and flow cytometry confirmed an increasingly higher number
of infiltrated macrophages, neutrophils and CD4+ and CD8+ T lymphocytes upon infection.
A large proportion of these lymphocytes effectively produce the type 1 effector cytokines,
IFN-y and TNF-a. Additionally, the adipose tissue showed accumulation of antigen-specific
IgM and IgG antibodies as infection progressed. Mice lacking T and/or B cells (Rag2™,
Jht"), or the signature cytokine (/fng”) displayed a higher parasite load both in circulation
and in the AT, demonstrating the key role of the adaptive immune system in both compart-
ments. Interestingly, infections of C3”~ mice showed that while complement system is dis-
pensable to control parasite load in the blood, it is necessary in the AT and other solid
tissues. We conclude that T. bruceiinfection triggers a broad and robust immune response
in the AT, which requires the complement system to locally reduce parasite burden.

Author summary

African trypanosomiasis is a neglected disease with significant socio-economic burden in
sub-Saharan Africa. The protozoan parasite Trypanosoma brucei, a causative agent of
African trypanosomiasis, can be found in the blood and extra-vascular spaces of the
infected host. For an unknown reason, T. brucei accumulates in adipose tissue (AT) in
very high numbers. Here we used a multidisciplinary approach to assess whether an
immune response was mounted in AT during a T. brucei infection. We found that as
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infection progresses, a broad variety of immune cells and antibodies accumulate in the
AT. We also found that this broad immune response is partially able to control parasite
numbers in the AT. Our study provides evidence that T. brucei parasites present in the AT
are subjected to immune surveillance. The reason why T. brucei accumulates to such a
high extent in AT remains to be elucidated.

Introduction

Trypanosoma brucei is an extracellular protozoan parasite that causes sleeping sickness in
humans and nagana in cattle, diseases that still hold a significant socio-economic impact in
sub-Saharan Africa[l, 2]. T. brucei transmission to a mammalian host occurs upon the bite of
an infected tsetse fly (Glossina spp). During such blood meal, parasites are released into the cir-
culation and quickly differentiate into bloodstream forms (BSFs) that proliferate and invade
the interstitial spaces of many organs[3]. In primate hosts, most African trypanosome species
are rapidly eliminated by an innate immune trypanosome lytic factor (TLF)[4, 5]. This TLF is
delivered by germline-encoded antibodies[6] and promotes complete parasite elimination
before the onset of disease.

In non-primate mammalian hosts, or in primates infected TLF-resistant T. brucei, most
parasite elimination does not occur through direct humoral mediated lysis and instead
requires internalization by the host’s phagocytes, mainly monocytes and macrophages. Opti-
mal phagocytosis of T. brucei requires antibody and complement mediated opsonization[7].
These antibodies are produced by B cells, particularly plasmocytes (plasmablasts and plasma
cells), activated during infection and are directed primarily at the parasite’s variant surface gly-
coprotein (VSG)[7, 8]. This allows for direct Fc receptor-mediated phagocytosis and for the
classical activation of the complement system, followed by phagocytosis.

Activation of both macrophages/monocytes and B cells is promoted by a T cell response
comprising CD4+ T cells and CD8+ T cells[9]. Macrophages/monocytes respond to cytokines
produced by T cells, such as interferon gamma (IFN-y) and tumour necrosis factor alpha
(TNF-a), by increasing phagocytic capacity, phagosome acidification and production of
microbicidal reactive nitrogen species[10, 11]. Additionally, CD4+ T cells play an important
role in B cell survival and maturation, which allows for the production of higher affinity anti-
bodies via B cell class switching and affinity maturation[12]. Although this immune response
is capable of largely limiting the number of parasites, it does so at the cost of severe immuno-
pathology. To limit this deleterious effect, the immune system partially downregulates itself
through the production of anti-inflammatory cytokines such as interleukin (IL)-10 which is
highly expressed by regulatory T (Treg) cells[13, 14].

These host-parasite interactions, together with the capacity of parasites to switch VSGs by
antigenic variation[15] and to undergo terminal differentiation to transmissible forms[16],
leads to the characteristic oscillating waves of parasitemia displayed throughout the disease[17].

Most studies on the immune response against T. brucei have focused on blood and lym-
phoid organs. However, T. brucei occupies several extra-vascular tissues, including the brain,
skin[18], testis[19, 20] and adipose tissue (AT)[21], which may present distinct immune
responses[22] and even be immune privileged sites. A study from our laboratory showed that
the AT is not only one of the major parasite reservoirs, reaching levels comparable to the
blood, but also that parasites in this tissue (adipose tissue forms—ATFs) present a gene expres-
sion signature different from bloodstream forms[21].
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For a long time, the role of the AT was believed to be exclusively of lipid storage, exerting
important roles in energy homeostasis and thermogenesis[23]. It is now recognized that the
AT is an immunologically active[24] endocrine organ[25], as adipocytes secrete a wide variety
of immunomodulatory molecules[26]. T. brucei is not the only parasite that accumulates in the
AT. Neospora caninum[27], Plasmodium berghei and Trypanosoma cruzi also reside in this tis-
sue[28].Some protozoan parasites can even challenge the anti-inflammatory balance in AT or
take advantage of such an environment to establish a successful infection. For instance, upon
infection, N. caninum was reported to trigger a shift towards a pro-inflammatory environment,
promoting pathogen elimination from AT[27]. On the contrary, T. cruzi was described to
induce an anti-inflammatory macrophage polarization in a diet-induced obesity model, con-
tributing to tissue homeostasis and parasite survival[29].

Given the importance of tissue immunity in a wide variety of conditions such as in infec-
tions[30] and cancer[31], here we compared the circulating, splenic and AT type of immune
responses mounted against T. brucei. We show that the AT is a favorable location where an
effective protective immune response is mounted, with both innate and adaptive immune cells
that control parasite load in this tissue. We conclude that like in the blood, in the AT parasites
require active mechanisms of immune evasion.

Results

Transcriptome of infected adipose tissue reveals a strong inflammatory
response

A local immune response typically consists in the accumulation of myeloid and lymphoid cells
sensing determinants of inflammation and/or determinants specific to the pathogen in order
to control the infection and regulate the immune response itself. Given that the signature pro-
file of immune cells is unique and different from all other resident cells of AT (adipocytes,
endothelial cells, and mesenchymal stromal cells)[32, 33], we postulated that a transcriptome
analysis of infected versus non-infected AT should provide a first glimpse of the type of
immune response that is mounted in this tissue. We performed RNA sequencing (RNA-Seq)
analysis of mice gonadal AT depots at early and late stages of infection. Total RNA was
extracted from this tissue at day 0 (n = 3), 6 (n = 3) and 26 (n = 2) post-infection. Most
sequence reads mapped to the mouse genome (between 86% and 96%) and the 1%-10% of
reads that mapped to the parasite were not considered in this analysis (S1 Table).

Unbiased clustering of the expression profiles of the analysed samples showed that non-
infected and infected AT clustered separately. Furthermore, the cluster of infected AT was
divided in 2 sub-clusters separating samples of early and late infection time points (Fig 1 A).
This indicates significant alterations of transcript abundances in AT upon and during a T. bru-
cei infection. To identify the genes differentially expressed, we used three distinct algorithms.
Genes significant in at least 2 of them (adjusted p-value < 0.01) and having a fold-change
higher than 2 were considered differentially expressed. At day 6 post-infection, 2678 genes
were differentially expressed compared with non-infected AT. From these, 1770 genes were
upregulated while the remaining 908 were downregulated at day 6 post-infection (S1C File).
When comparing AT at day 26 post-infection with non-infected AT, 3684 genes were differen-
tially expressed, from which 2264 were upregulated and 1420 downregulated (S1D File).
Between AT at day 6 and day 26 post-infection, we identified 941 differentially expressed
genes, 503 upregulated and 438 downregulated at day 26 post-infection (S1E File).

Gene ontology (GO) enrichment analysis was conducted to determine which GO terms
were over-represented among the differentially expressed genes (Fisher’s exact test,
p-value < 0.01). Enrichment tests on the upregulated genes in infected AT (both on day 6
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https://doi.org/10.1371/journal.ppat.1009933.9001

and day 26 versus day 0) revealed a strong inflammatory profile, with 84.7% of the top 150
(127/150) most significant Biological Process GO-terms related to immunity (Fig 1B and S2
File). Also, the median fold-change of the genes associated to the top 20 Biological Process
GO-terms in infected versus non-infected AT (p-value < 1x107) increased from day 6 to
day 26 (Fig 1C), suggesting that the immune response taking place in AT increases in mag-
nitude as infection progresses. Conversely, most downregulated genes were involved in
metabolite biosynthesis (e.g. fatty acid biosynthetic processes) and other metabolic changes
(e.g. fatty acid beta-oxidation) (S1 and S2D and S2E Files). Interestingly, differential expres-
sion analysis showed a marked and significant upregulation of T helper 1 (Th1) signature
genes (e.g. Tbx21, Eomes, I112r1b, Ifng, Tnf, Nos2, Statl, Stat4) both on day 6 and day 26 ver-
sus day 0 (S1A Fig and S1C and S1D File), which are associated with a protective immune
response against T. brucei. This profile was not observed for non-protective Th2 response
associated genes (e.g. Gata3, 114, 115, 1113, Stat5, Stat6), which were either not detected or
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not differentially expressed in all conditions assessed (S1B Fig and S1 File). In addition to
Thl signature genes, the infected AT showed an overall upregulation of pro-inflammatory
genes such as Gzma, Gzmb, Il1a and 116 (S1A Fig). In turn, this was accompanied by the
upregulation of genes such as 1110, Il10ra, Ctla4, Foxp3 and Pdcdl which are associated with
the suppression of an active immune response (S1B Fig).

To assess whether the changes in transcriptomic profile of the AT could be due to an alter-
ation of the cellular makeover of the tissue, we performed a cellular deconvolution analysis
using the immuCC algorithm[34]. This analysis predicted that during a T. brucei infection the
relative proportions of innate and adaptive immune cells were variable (Fig 1D). Specifically,
these data predicted a relative increase of macrophages and CD8+ T cells between days 0 and 6
post-infection, while the prediction for monocytes and B cells was a relative decrease in the
same period. Lastly, by day 26 post-infection this deconvolution model predicted a sizeable
increase of the CD4+ T cell response, with a predicted 3 to 4-fold relative increase when com-
pared to days 0 and 6 post-infection. Overall, the transcriptome of the AT of infected mice
revealed signs of intense inflammation and an ongoing active immune response.

Adipose tissue shows a gradual accumulation of immune cells during
infection

Bulk RNA-seq provides a strong indication of broad changes in the inflammatory profile
immune cell milieu of the AT, however it does not allow to identify the absolute accumulation
of immune cells and determine their selective in situ effector functions. To investigate this,
and to compare the extent of systemic to AT immune responses, we quantified the number of
parasites and immune cells in the spleen and the AT. The spleen was used as a proxy for the
systemic immune response as it filters bloodborne pathogens and is a major site for lympho-
cyte activation and proliferation. Quantifications were performed at key time-points of the
murine T. brucei infection, encompassing the formation and resolution of the first and second
peaks of parasitemia as well as the chronic stage of infection.

In the blood, the progression of parasitemia throughout infection exhibited its characteristic
pattern (Fig 2A): a first peak around day 5 post-infection; undetectable parasitemia between days
9 and 13 post-infection; followed by a fluctuating number of parasites that differs in each mouse
until day 28 post-infection. In the spleen, the number of parasites reached the peak at day 5 post-
infection and dropped 32-fold from 6 to 9 days post-infection, when the lowest parasite load was
detected (Fig 2B). From day 14 post-infection, the number of parasites fluctuated at around 10°
parasites per organ. Remarkably, in the gonadal AT, the number of parasites peaked at day 6
post-infection (one day later than in blood/spleen) and it suffered only a 6-fold reduction from 6
to 9 days post-infection (Fig 2B). From day 14 post-infection onward, the number of parasites
fluctuated at around 10° parasites, which is an approximate constant 10-fold more than in the
spleen or any other organ assessed, as we have previously reported[21].

At the same key time-points of infection, immune cells from spleen and AT were analysed
by flow cytometry. Using an anti-CD45 antibody to gate all immune cells (S2 Fig), we observed
a striking gradual accumulation in the gonadal AT with a 16-fold increase in the number of
immune cells per tissue from days 0 to 28 post-infection (Fig 2C). Conversely, and despite a
large increase in spleen mass (S4A Fig), no significant changes were observed in the total num-
ber of splenic immune cells. This suggests that the increase in spleen weight may be largely due
to the accumulation of damaged red blood cells undergoing eythrophagocytosis[35], which is
known to occur during T. brucei-induced anemia[36].

Interestingly, while the number of parasites in the AT peaks on day 6 post-infection and oscil-
lates afterwards, the immune cells are recruited and/or proliferate in AT with different dynamics,
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increasing steadily as infection progresses. The fact that the spleen has a higher proportion of
immune cells than the AT is not surprising due to its nature as a secondary lymphoid organ.

To assess the distribution of the inflammatory cell infiltrates and the morphological changes
of the AT, we performed immunohistochemistry for parasites (anti-VSG antibody), macro-
phages (anti-F4/80 antibody) and T cells (anti-CD3 antibody) in sections of gonadal AT on
days 6 and 26 post-infection. Consistent with the analysis by flow cytometry, a significant
increase was observed in the number of infiltrating macrophages and T cells, mainly during
the later time-points of infection (Fig 3A). Inflammatory cells were distributed diftusely in the
tissue, often associated with parasites or parasite debris. By transmission electron microscopy
(TEM), parasites were also detected intracellularly, in the cytoplasm of phagocytes (most likely
macrophages) (Fig 3B). These intracellular parasites were often surrounded by membranous
whorls, suggesting they had been phagocytosed.

In conclusion, our analysis shows that the AT is not an immune silent tissue, but instead
that it actively responds to a T. brucei infection. It is important to mention that these data were
acquired in an intraperitoneal infection model and that Tsetse fly transmitted or intradermally
injected T. brucei may lead to significant differences in immune response.

Adipose tissue is populated by effector innate and adaptive immune cells

To experimentally characterize the immune response that is mounted against T. brucei in the
AT, we isolated gonadal fat pads and spleen of infected animals at different time-points of the
infection, and we identified and quantified the main immune cell subsets by flow cytometry.
On the one hand we followed the dynamics of neutrophils, monocytes, and macrophages to
assess the innate myeloid immunity branch. On the other hand, to assess the adaptive immu-
nity branch, we followed T cell subsets (helper T cells (CD4+) and killer T cells (CD8+)) and
evaluated whether these T cells were activated and responding to the infection by assessing
their expression of two main pro-inflammatory cytokines, IFN-y and TNF-o. Additionally, we
analysed the frequency of Treg cells, a key immunosuppressive subset. The gating strategies
for all the populations are presented in the S2 Fig.

As infection progressed, while the total number of immune cells of all subtypes assessed
increased in the AT, the same was not observed for the spleen (Fig 4). As expected for the
innate immune response, neutrophils (Fig 4A) and monocytes (Fig 4B) are the first to be
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recruited to the AT, presenting an increase of 68-fold and 49-fold from days 6 to 9 post-infec-
tion, respectively. Few neutrophils were detected in the gonadal AT prior to infection with
8.45x10” cells, however they increased nearly 100-fold by day 28 post-infection (Fig 4A). Simi-
larly, the number of neutrophils in the spleen increased significantly, presenting a 38-fold
increase from days 0 to 28 post-infection (Fig 4A).

Prior to infection, few monocytes were present in the spleen and AT. During T. brucei
infection, monocytes accumulated in both tissues, increasing 39-fold in the spleen and 12-fold
in the gonadal AT by day 28 post-infection (Fig 4B).

Macrophages were the most abundant myeloid population in both tissues in control mice.
Interestingly, this population was kept at relatively stable numbers throughout infection in the
spleen, as the only significant change observed was a moderate 2.7-fold increase by day 28
post-infection (Fig 4C). In the gonadal AT, the number of macrophages was significantly
increased from day 20 post-infection onward, presenting a 10-fold increase by day 28 post-
infection (Fig 4C).

CD4+ and CD8+ T cell subsets showed a similar overall increase in the AT, while the spleen
showed no changes in CD4+ T cells and an overall decrease for CD8+ T cells (S3B and S3C
Fig). Within the total pool of T cells, we assessed the fraction that differentiated into effector T
cells expressing IFN-y, TNF-o. or both pro-inflammatory cytokines. During the infection, we
observed that the number of effector CD4+ T cells presented a modest incremental trend in
the spleen, reaching a 3.8-fold increase by day 28 post-infection (Fig 4D). A higher relative
increase in effector CD4+ T cells was observed in gonadal AT, with significant accumulation
from day 14 post-infection onwards, showing a 14.6-fold increase by day 28 post-infection
(Fig 4D). A distinct profile between the spleen and gonadal AT was observed for effector CD8
+ T cells. There was a trend for a modest reduction in number of this effector cell in the spleen
(Fig 4E). In contrast, a significant increase in the number of effector CD8+ T cells in the
gonadal AT was observed from day 16 post-infection onwards, reaching a 8.7-fold increase by
day 28 post-infection. This profile of effector T cells is in agreement with the high expression
of TNF-o and IFN-y in gonadal AT revealed at the transcriptomic level (SI Fig and S1C and
S1D File), confirming the accumulation of effector T cells in the AT and propagating a Thl
type of response. The number of Treg cells showed an overall decrease in the spleen while
increasing 4-fold in gonadal AT (Fig 4F), which is in agreement with the increased expression
of FOXP3, CTLA-4 and IL-10 at the transcriptomic level (S1 Fig and S1C and S1D File). This
suggests that Treg cells recruited to AT may contribute to control an excessive inflammatory
response and could favor the persistence of T. brucei parasites in AT.

This flow cytometry analysis in the AT is mostly consistent with changes observed in tran-
scriptomic data (Fig 1C) and predicted by immuCC (Fig 1D). Specifically, we confirmed a sim-
ilar relative variation for many immune subsets such as CD4+ T cells, CD8+ T cells,
monocytes and neutrophils. Macrophages were the only population for which flow cytometry
did not confirm the immuCC predictions (S2 Fig). This overestimation of the macrophage
population by immuCC could be due to the fact that immune activation of adipocytes unlocks
a gene expression signature that highly resembles that of macrophages[37]. Overall, during a
T. brucei infection the AT accumulates cells of the innate and adaptive immunity branches.
Importantly, there is a significant increase of immune cells described as protective against a T.
brucei infection (i.e. IFN-y+CD4+Th1 cells and macrophages).

Adipose tissue presents a strong humoral response

Effective immunity against T. brucei requires a humoral immune response in addition to a
strong cellular immune response[8]. The importance of antibody-mediated T. brucei clearance

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009933 September 15, 2021 8/26


https://doi.org/10.1371/journal.ppat.1009933

PLOS PATHOGENS

Adipose tissue immunity

A

CD11b+Ly6G+

cells per organ

@]

CD11b+Ly6G-F4/80+

cells per organ

m

CD3e+CD8+Foxp3-IFNy
and/or TNFa+ cells per organ

Neutrophils
108
107
108
105
10¢
103
102
10

-~ Gonadal AT

*kkk

-e- Spleen

10 15 20
Day post-infection

25 30

Macrophages
107 -~ Spleen -e- Gonadal AT
108
108
1043

103

10 15 20
Day post-infection

25 30

Effector CD8+ T cells

107

-~ Spleen -e- Gonadal AT

108

10°

10*

103

10
Day post-infection

15 20 25 30

0w

CD11b+Ly6G-F4/80-

cells per organ

O

CD3e+CD4+Foxp3-IFNy
and/or TNFa+ cells per organ

n

CD3e+CD4+Foxp3+

cells per organ

Monocytes
10°¢
-~ Spleen -o- Gonadal AT
105 *kk *kkk
104
103
102
0 5 10 15 20 25 30
Day post-infection
Effector CD4+ T cells
107 -o- Spleen -e- Gonadal AT

*

*

10¢

10°

0 5 10 15 20 25 30

Day post-infection

Regulatory T cells

107

-~ Spleen -e- Gonadal AT

106

105

10
Day post-infection

15 20 25 30

Fig 4. Dynamics of immune cells during infection. (A-F) Number of (A) neutrophils, (B) monocytes, (C) macrophages, (D) effector CD4+ T cells,
(E) effector CD8+ T cells and (F) regulatory T cells in the spleen and gonadal AT. Error bars represent the SEM (n = 2-6 mice per group). Statistical
analysis was performed with a two-way ANOVA using Sidak’s test for multiple comparisons. * refers to statistical differences within the groups in
each time-point and the non-infected group. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

https://doi.org/10.1371/journal.ppat.1009933.9004

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009933 September 15, 2021

9/26


https://doi.org/10.1371/journal.ppat.1009933.g004
https://doi.org/10.1371/journal.ppat.1009933

PLOS PATHOGENS

Adipose tissue immunity

is well documented. Indeed, B cell and antibody deficiencies lead to increased susceptibility to
T. brucei[38] and passive transfer of VSG-specific antibodies grants variant-specific protection
[39, 40].

To assess if a humoral response was ongoing in solid tissues and in AT in particular, we
quantified the levels of antigen-specific IgM, IgG and IgA by ELISA, using plates coated with
purified VSG AnTatl.1 (S5 Fig). A series of 10-fold dilutions of serum samples and 2-fold dilu-
tions of cell-free suspensions from tissues were tested for anti-VSG AnTatl.1 immunoglobu-
lins. For each sample, the antibody titer was determined as the highest dilution with an OD
450nm higher than the cutoff value (0.13x average of positive control + average of negative
control) (S5D Fig)[41].

We collected samples from mice on days 0, 6 and 9 post-infection from the serum (reference
of circulating immunoglobulins), spleen (reference of an active site of immunoglobulin produc-
tion), AT and kidney (an example of low parasitised organ). These timepoints were chosen
because in wild-type (WT) mice there is a significant drop in AT parasite burden between days
6-9 (Fig 2B) and we questioned if B cell responses could play a local role. As expected, circulat-
ing antibodies against VSG AnTaT1.1 increased in infected mice when compared to non-
infected mice (i.e. 10 to 100-fold increase (Fig 5A). This effect was also observed in the intersti-
tial fluid, albeit in an organ specific manner. Specifically, the antibody titer of IgM in the AT
increased upon infection but was lower than in the kidney and spleen at day 6 post-infection
(6.6 and 88-fold respectively) and to a lesser extent at day 9 post-infection (4.6 and 6.3-fold).
Moreover, the antibody titer for IgG in the AT was similar that of the kidney at day 6 post-infec-
tion but was 107-fold lower than that of the spleen. By day 9 post-infection the AT presented a
3-fold lower anti-VSG IgG titer compared to the kidney and 14-fold lower than the spleen.
Additionally, anti-VSG IgA was not detected in the AT and presented low titers in the spleen.
Interestingly, kidney titers for anti-VSG IgA were high but were independent of infection, as
titers from non-infected mice were equally elevated as those of infected mice.

Next, we assessed whether this humoral response in the AT was accompanied by a local B
cell response. There was an increase in the numbers of B cells in spleen and AT (Fig 5E), as
well as an increase in the number of activated, (IgD-CD19+ cells), and proliferating (Ki67+) B
cells (Fig 5F). Specifically, by day 9 post-infection total B cells showed a 3.55-fold increase in
the spleen and a 8.45-fold increase in the AT, relative to non-infected controls. This increase
was also observed for activated B cells, as their number presented a 16.29-fold increase in the
spleen and a 9.24-fold increase in the AT in the same period. We then assessed whether plas-
mocytes (i.e. main immunoglobulin producing cells) were present in the AT. CD138 (also
known as syndecan-1) is an excellent marker of plasmacytic differentiation, however it is sensi-
tive to the collagenase treatment used for flow cytometry analysis of AT digestion, and thus we
applied immunohistochemistry to AT (Fig 5G-5I). Relative to non-infected mice, the number
of CD138+ cells increased 3.7-fold and 17.4-fold at days 6 and 9 post-infection, respectively
(Fig 5]), indicating that the AT harbors plasmocytes that secrete immunoglobulins.

Collectively, these data show that a humoral response takes place in the AT and suggest that
the increase of immunoglobulin levels is likely the result of the infiltration of circulating
immunoglobulins (serum), but also partially due to increased local production by antibody-
producing plasmocytes in the AT. Altogether, we conclude that the components of a protective
immune response against T. brucei are present in the AT.

Parasite load in adipose tissue depends on systemic effectors

Parasites infiltrate and accumulate in the AT, even though a host-protective acute (that turns
chronic) immune response is mounted in response to the infectious agent, as revealed by the
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https://doi.org/10.1371/journal.ppat.1009933.9005

dramatic accumulation of myeloid cells and lymphoid effector subsets (Figs 3 and 4). Thus, we
decided to undertake a systematic approach and test the importance of several immune cells

and soluble factors key in the control of T. brucei. For this, we performed infections in several

immunocompromised mouse mutants, and collected organs on days 6 and 9 post-infection.
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Specifically, we infected mice that lack T and B lymphocytes (deficient in the recombination
activation gene 2 (Rag2™")), (Fig 6A and 6B) mice that lack selectively B lymphocytes (Jht')
(Fig 6C and 6D), mice that lack IFN-y (Ifng'/ ") (Fig 6E and 6F), and mice that lack complement
component 3 (C37") (Fig 6G and 6H). These cells or factors have been previously implicated in
the parasite elimination. Here, we hypothesized that if one of these factors was ineffective solely
in the clearance of parasites in the AT, its absence would have little impact on the elimination of
AT parasites, but it would prevent parasite elimination in the blood and other organs.

Upon infection with T. brucei, in both Rag2”" and Jht”" mice, parasitemia increased until
day 6 post-infection, but instead of undergoing a quick reduction, parasite numbers persisted
at very high levels (Fig 6A and 6C). While WT mice were able to reduce parasite burden from
the spleen and AT between days 6 and 9 by roughly 10-fold, neither Rag2”" nor Jht”’~ showed a
significant decrease in the parasite burden of these organs in the same period (Fig 6B and 6D).
These data show that efficient parasite elimination between days 6 and 9 post-infection in the
AT requires a B and T cell responses, similarly to parasitemia clearance in the blood. Given
that the infection promoted the generation of a high frequency of IFN-y-producing CD4+ and
CD8+ T effectors in AT (Fig 4D and 4E), the contribution of IFN-y was assessed by infecting
Ifng’” mice. Unlike WT controls, Ifng”’™ mice were not able to eliminate parasites from the
blood nor from all tested solid tissues (Fig 6E and 6F). These results suggest that T. brucei is
controlled by IFN-y both systemically and within the tissues, highlighting the key role of
Th1-dependent immune response in the control of the infection.

As previously shown, albeit with different kinetics[42], mice with defective complement
system (C3-/-), were able to control the first peak of T. brucei parasitemia, suggesting that
complement opsonization is not essential in the blood (Fig 6G). Interestingly, these mutant
mice were partially impaired in controlling the number of parasites in the AT, between days 6
and 9 post-infection (4.3-fold reduction vs 32-fold reduction in WT mice) (Fig 6H). This
impairment was also observed in the heart, where C3”" showed virtually no parasite elimina-
tion (1.6-fold) whereas WT mice presented an 8.4-fold decrease between days 6 and 9 post-
infection. These results suggest that the complement system may have a more active role in
parasite elimination from some tissues than from the blood.

We then questioned whether an overarching immunosuppressive mechanism was reduc-
ing overall parasite clearance and allowing for higher parasite accumulation in the AT,
when compared to other organs. Among these, the programmed cell death protein 1 (PD-1)
and the programmed cell death ligand 1 (PD-L1) interactions are well described as inhibi-
tors of T cell effector functions in several contexts, including infection[43]. The interaction
between PD-1 on the surface of a T cell and PD-L1 on the surface of an antigen presenting
cell, leads to the decreased activation, proliferation and cytokine secretion of the T cell.
Although we observed by flow cytometry an upregulation of PD-1 in both CD4+ and CD8
+ T cells (S6A and S6B Fig) and in Pdcdl gene expression (S1B Fig and S1C File) during the
acute phase of infection, its antibody-mediated blockade failed to enhance parasite clear-
ance in AT (S6C and S6D Fig).

Overall, the infections in immunocompromised mice revealed the parasite burden in the AT
depends on several systemic components (B cells, T cells, IFN-y and complement system). We
conclude that the AT does not provide a niche devoid of immune surveillance for T. brucei.

Discussion

The relevance of tissue invasion and colonization by T. brucei is only now being elucidated in
the context of pathogenesis, persistence, and drug resistance. Each tissue presents a specific
immune environment that may impact a pathogen’s ability to colonize and persist in each

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009933 September 15, 2021 12/26


https://doi.org/10.1371/journal.ppat.1009933

PLOS PATHOGENS

Adipose tissue immunity

>

o

o 10° — 108 WT Bl Rag2-/-
3o wT e~ Rag2-/- 3 c - 9
S8 S8 1o ==
3 3 108 3 s S I S —
H —El |~. dh) 106 xhrx
oG 17 A 5o
= 5
g g g g 10
& 10e a
£ % ................................. Detection Limit £ g 10¢
Z Q Z Qo
105 I 1 I I I 1 103
0 2 4 6 8 10 Day 6 Day9 Day6 Day9 Day6 Day9
C Day post-infection D Spleen Gonadal AT Heart
S 10° - 108 - /.
o WT - Jht-/- 3 c WT Jht-/
g g g g 107 _dkkx kkkk
53 55
N K g 100
« £ 107 w— O ek
°p Ow .
g g g g 10
@ 10 7]
£ £ i Detectontimt. £ 10
Z Q Z Qo
105 T T T T 1 10
0 2 4 6 8 10 Day 6 Day9 Day6 Day9 Daye Day9
Day post-infection Spleen GonadalAT Heart
- 10 WT - Ifng-/- - 10° e W fng-/-
O T o S
g 8 g g’ 107 Fkkk g
53 o 55
~ = ~ 3 108 e
« £ 107 w— Q.
° % ©n
g g o g g 10
[72] = (2]
108
ES Y K................Q‘E‘.".Q‘i‘?’.‘.'-.'!t“.t.. EE 1o
Z Qo Z Qo
105+ T T T T 1 103
0 2 4 6 8 10 Day 6 Day9 Day6 Day9 Day6 Day9
Day post-infection Spleen GonadaIAT Heart
— 10° — 108 o /.
S wT - C3+/- 3 c WT_ = c3
S8 S8 ] — L
53 55
] ) T
~ - K3 106 i
« £ 107 w— Q.
° % v . .
9N 106 [72]
£ < oo \petectontimt. § £ 10 T
Z Qo Z Qo
105 T T T T 1 103 T T T T T
0 2 4 6 8 10 Day6 Day9

Day post-infection

Day6 Day9| Day6 Day9
Spleen Gonadal AT

Heart
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(E-F) Iﬁ’tg'/ ", (G-H) C3”" (A-H) Error bars represent the SEM (n = 3-7 mice per group). (Left) Parasitemia of mice infected
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Statistical analysis was performed with a two-way ANOVA using Sidak’s test for multiple comparisons. *, P<0.05; **,
P<0.01; ***, P<0.001; ****, P<0.0001.
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anatomical location. The increasing evidence of persistence of evolutionarily diverse patho-
gens in the AT raises the question of its immune competence. Given the extensive accumula-
tion of T. brucei in the AT we sought to elucidate whether an effective immune response was
mounted in this tissue and how different it was from the better described systemic responses
observed in the blood and spleen (where the parasites also reside).

Adipose tissue immunity against T. brucei

Here, we show that upon T. brucei infection the AT acquires a marked immune transcriptomic
phenotype. Within this immune phenotype, a marked Th1 signature is observed, which unlike
a Th2 signature, is associated with protection against T. brucei. This shift in transcriptomic
profile is likely the result of in situ activation of resident immune cells as well as of the recruit-
ment of additional immune cells throughout infection. Accordingly, during infection we
observed both by immunohistochemistry and flow cytometry a large accumulation of myeloid
and lymphoid cells. Indeed, although with distinct kinetics, similar accumulations of neutro-
phils[44], monocytes[44, 45] and T cells[46, 47] have been reported for other active sites of T.
brucei, such as the skin[44], liver[45, 47] and brain[46]. Comparison of the AT and spleen leu-
kocyte accumulation kinetics reveals a sharp contrast between these tissues. The AT presents
an overall sustained increase throughout time of all the immune cell types assessed.

While starting with a much higher number of immune cells, the spleen shows an overall
maintenance of the total number of immune cells (Fig 2C). This maintenance of the total num-
ber of splenic immune cells does not represent a static immune environment and it is in fact
the result of opposing variations in individual immune subsets. Among the few similarities
found between the spleen and AT is the overall increase in monocyte and neutrophil numbers
(Fig 4A and 4B), which is in accordance with previously published data for the spleen[48].
Although an active immune response is taking place in both the spleen and AT, the differences
in their immune kinetics, especially in the T cell compartment, suggest that parasites in the
spleen and in AT may be subjected to distinct immune responses.

The immune response mounted in the AT is likely to actively participate in the reduction of
the number of parasites. Classically, parasites are described to be eliminated by antibody-
dependent phagocytosis that can be assisted by IgM-mediated complement opsonization[9].
Our observation by TEM of phagocytosed parasites in the AT suggests that local elimination
of the parasite is ongoing. This phagocytic clearance is consistent with the accumulation of
antigen-specific IgM and IgG (Fig 5B and 5C) in the tissue, and macrophages that are activated
by innate signals delivered by the presence of the parasite as well as adaptive signals such as the
local production of IFN-y by CD4+ Th1 cells (Fig 4D). This is supported by the observed abro-
gation of parasite clearance from the AT in infected mice deficient for T and/or B cells, or
IFN-v (Fig 6). Given the hyperparasitemia presented by these mutant mice, we cannot exclude
the possibility that the high number of parasites in AT 9 days post-infection is partially due to
a spill in effect from circulating parasites (although in some mutants and in some organs a ten-
dency for higher parasite load is already detectable 6 days post-infection). However, the inabil-
ity to remove immune cells/factors exclusively from the AT prevents the study of the
contribution of circulating parasites that may excessively cross into tissues.

The dynamics of anti-VSG immunoglobulins show a protective humoral response in the
AT, although at significantly lower levels than the spleen. Compared to the kidney, the AT
shows comparable anti-VSG IgG titers and modestly lower IgM titers. Interestingly, while the
AT shows no detectable anti-VSG IgA titer, the kidney has elevated titers even in non-infected
mice. These are likely natural polyreactive IgAs [49] whose relevance in Trypanosomiasis, if
any, remains to be elucidated. Although our data show the presence of plasmocytes and thus
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suggest that local immunoglobulin production in the AT is likely occurring (Fig 5G-5]), how
important this production is for the overall humoral response requires further investigation.

The observation that C3”" mice are not as efficient at reducing parasite load in non-lym-
phoid solid tissues on day 9 is intriguing (Fig 6G and 6H). It has been previously reported that,
while the parasite is at least partially resistant to complement-mediated lysis[50-52], the com-
plement system is important for T. brucei opsonization and killing via phagocytosis[7, 52]. In
the absence of complement opsonization, macrophages can still phagocytose T. brucei, albeit
less efficiently[52-54]. Classical activation of the complement system requires IgM or IgG
binding the parasite to initiate binding of complement components to the Fc-region. Unlike
IgG, opsonization by IgM alone does not promote macrophage phagocytosis, as these cells
lack the FcpR[55]. Hence, IgM-promoted phagocytosis requires opsonization by the comple-
ment system. Given that in the AT, anti-VSG IgM and IgG titers are significantly lower than in
the spleen (a proxy for the blood) (Fig 5), it is tempting to speculate that the parasite control in
AT (and perhaps other solid organs) is more dependent on complement opsonization, while
in the spleen the faster accumulation of specific IgG could reduce complement-dependency.
Further studies are required to better understand the role of the complement system in T. bru-
cei infection, including a quantitative analysis of the complement components and immuno-
globulins in multiple tissue types throughout infection.

Parasite immune evasion in the AT could also be achieved by an increased activity of
immunosuppressive effectors when compared to other organs. Our transcriptomic data show
an upregulation of multiple immune-suppressive genes (S1B Fig), which is further validated
by a progressive accumulation of Treg cells (Fig 4F). This suppressive response serves to pre-
vent overactivation of the immune system and reduce immunopathology but can be exploited
by pathogens to reduce immune pressure on them. In this scenario it is possible that one or
multiple of these suppressive mechanisms prevent sterile tissue immunity. As such, we sought
to disrupt the immunosuppressive PD-1/PD-L1 axis which shows evidence of being upregu-
lated in the AT during infection. This disruption led to no significant alterations in the number
of parasites in the AT (S6D Fig). Thus, it is unlikely that this immunosuppressive axis is a
determining factor for parasite colonization of the AT.

How do parasites evade the immune response in the AT?

Antigenic variation is the hallmark immune evasion strategy used by African trypanosomes.
At any given time during infection a small subset of VSGs is dominant among the BSF popula-
tion[56], leading to the mounting of VSG-specific IgM responses. These IgM responses are
efficient at eliminating parasites expressing their cognate VSG but exert no effect on parasites
expressing a different VSG coat. It is possible that when parasites colonize solid tissues, they
adapt VSG gene regulation to fine tune antigenic variation. If for example, VSG switching
occurred more frequently, perhaps the tissues could be the source of new VSG variants that
escape more efficiently the immune response. This hypothesis remains to be investigated.
Another immune evasion strategy employed by T. brucei is its ability to remove VSG-
bound antibodies through endocytosis of the VSG-Ig complex. This process requires a hydro-
dynamic drag force to propel the VSG-Ig complex towards the parasite’s flagellar pocket and
protects the parasite from Ig-mediated opsonization until a critical antibody threshold is
reached[51]. Factors affecting this hydrodynamic drag force include the milieu’s viscosity, the
parasites swimming speed and the interstitial fluid’s flow speed[51, 57]. It is possible that these
and other biophysical factors may vary between the blood and interstitia of different organs
[57], thus granting the parasite a varying capacity to neutralize antibody responses. This could
confer to parasites an immune-independent resistance to antibody-mediated phagocytosis.
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In summary, we show that an active immune response is mounted in the AT against T. bru-
cei, where parasite burden is controlled using the same overarching components of the sys-
temic immune response. Whether these host-protective components are as effective in the AT
as in other tissues and the blood requires further study.

Methods
Ethics statement

All experimental animal work was performed in accordance with the Federation of European
Laboratory Animal Science Associations (FELASA) guidelines and was approved by the Ani-
mal Care and Ethical Committee of the Instituto de Medicina Molecular (under the license
AWB_2016_07_LF_Tropism).

RNA isolation and RNA-Seq analysis

Mice infected for 0, 6 and 26 days were euthanized and perfused, gonadal fat depots were col-
lected, RNA extracted by TRIzol (Invitrogen) and its integrity assessed by TapeStation (Agi-
lent). Poly-A mRNA library was prepared as recommended by the manufacturer (Illumina
TruSeq) and the samples were sequenced in Illumina HiSeq2000 platform (EMBL and BGI).
Sequenced reads were 49bp single-end for samples D0.1, D6.1, D26.1 and D26.2 and 100bp
paired-end for the remaining ones. To reduce differences between single and paired-end
RNA-Seq datasets, the second read of each mate-pair in paired-end samples was discarded.
Also, the first read of each mate-pair was trimmed to the first 49 bases using Trimmomatic
(version 0.38)[58].

Read quality was evaluated with FastQC quality control tool (version 0.11.5)[59] and raw
reads were trimmed to improve mapping with SolexaQA (version 3.1.7.1)[60]. First, reads
were cropped to their longest continuous segment whose PHRED score was higher than 28
and then reads smaller than 25 bp were discarded. Trimmed reads were aligned to the T. brucei
TREU927 genome (TriTrypDB version 33)[61] using HISAT2 (version 2.0.0-beta)[62] without
spliced alignments. Reads mapping to T. brucei were discarded and the unmapped reads
aligned to the M. musculus genome (GRCm38 release 92)[63] using HISAT2 with default
parameters. Unique read counts were computed using featureCounts (version 1.6.2)[64] and
lowly expressed genes were discarded by keeping genes having a minimum of 10 read counts
in at least 2 replicates of the same condition (D0, D6 or D26). In total, 19,488 genes were used
to perform differential expression analysis by DESeq2 (version 1.18.1)[65], edgeR (version
3.20.9)[66] and limma (version 3.34.9)[67] from Bioconductor (version 3.5)[68] in the R soft-
ware environment (version 3.4.4)[69]. Genes having an adjusted p-value < 0.01 in at least 2
algorithms and a fold-change > 2 in all were considered differentially expressed.

GO term overrepresentation on differentially expressed genes was performed with the
topGO (version 2.30.1)[70] R package, using the weight01 algorithm and Fisher’s exact test (p-
value < 0.01) for terms with at least 5 annotated genes.

Heat maps were created using the package ComplexHeatmap (version 1.17.1)[71] and
ggplot2 (version 3.0.0)[72] was used to create the remaining plots.

Relative immune cell compositions in infected AT were estimated with seq-ImmuCC
deconvolution tool[34]. As in differential expression analysis, only genes having a minimum
of 10 read counts in at least 2 replicates of the same condition were used. Then, read counts
were processed following the authors script in Github[34]: the read counts of each V, D and ]
gene segments in both T and B cell receptors merged and a quantile normalization performed.
The quantile normalized read counts were uploaded in ImmuCC server using the SVR
algorithm.
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RNA-Seq data from the samples of day 6 post-infection AT were made publicly available in
the ArrayExpress database under the accession number E-MTAB-4061. The remaining RNA--
Seq sequence data have also been submitted to the ArrayExpress database under the accession
number E-MTAB-7596.

Animals

In vivo experiments were performed with male C57BL/6] mice, from Charles River Laborato-
ries International, unless otherwise stated. Rag2-deficient (RagZ'/ ") and Jht-deficient (Jht”")
mice, generated on a C57BL/6] background, were obtained from Instituto Gulbenkian de
Ciéncia (IGC, Portugal). Ifng-deficient (Ifng”"), generated on a C57BL/6] background, were
kindly provided by Bruno Silva-Santos laboratory from Instituto de Medicina Molecular
(iMM, Portugal). C3-deficient (C37"), generated on a C57BL/6] background, were kindly pro-
vided by Miguel Prudéncio laboratory from Instituto de Medicina Molecular (iMM, Portugal).
All experimental mice were 7-9 weeks old, unless otherwise stated. Jht-deficient mice were
9-21 weeks old, as well as the WT controls in such experiment. Mice were housed in a Spe-
cific-Pathogen-Free barrier facility, at iMM, under standard laboratory conditions: 21 to 22°C
ambient temperature and a 12h light/12h dark cycle. Chow and water were available ad
libitum.

Parasite lines

Experiments were performed using parasites derived from T. brucei AnTat 1.1E, a pleomor-
phic clone derived from the EATRO1125 strain. AnTat 1.1E 90-13 is a transgenic cell-line
encoding the tetracyclin repressor and T7 RNA polymerase[73]. AnTatl.1E 90-13 GFP::
PAD1,, derives from AnTatl.1E 90-13 in which the green fluorescent protein (GFP) is cou-
pled to PAD1 3’UTR.

Infection

T. brucei cryostabilates were thawed and parasite viability by its motility was confirmed under
an optic microscope. Mice were infected by intraperitoneal (i.p.) injection of 2,000 T. brucei
parasites. At selected time-points post-infection, animals were euthanized by CO, narcosis
and immediately perfused transcardially with pre-warmed heparinised saline (50mL phos-
phate buffered saline (PBS) with 250 pL of 5000 I.U./mL heparin). Organs were collected and
either snap frozen in liquid nitrogen; used immediately to prepare single cell suspensions for
flow cytometry staining; or immersion-fixed in formalin or glutaraldehyde for histopathology
or electron microscopy, respectively. To block PD-1/PD-L1 axis, mice were injected intrave-
nously (i.v.) with 300ug of aPD-1 (clone RMP1-14, InVivoMab, BioXcell), immediately before
infection and at days 3, 5 and 7 post-infection.

Histopathology and Electron Microscopy

Formalin-fixed gonadal adipose tissue was paraffin-embedded and sectioned at 4 um. Immu-
nohistochemistry for the identification of trypanosomes and inflammatory cells (macrophages
and T cells) was performed using a non-purified rabbit serum anti-T. brucei VSG13 antigen
(cross-reactive with most T. brucei VSGs because it is not CRD-depleted, produced in-house),
anti-F4/80 antibodies (Abcam, ab6640), anti-CD3 (Dako, A0452), and anti-CD138 (BD,
553712) following conventional protocols. Briefly, antigen retrieval slides was performed in PT
Link module (DAKO) at low-Ph, followed by incubation with the primary antibodies. EnVi-
sion Link horseradish peroxidase/DAB visualization system (DAKO) was used and
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counterstained with Harris hematoxylin. For Transmission Electron Microscopy, samples
were fixed with a solution containing 2.5% glutaraldehyde (Electron Microscopy Sciences,
EMS) plus 0.1% formaldehyde (Thermo Fisher) in 0.1 M cacodylate buffer (Sigma), pH7.3 for
1 h. After fixation, these were washed and treated with 0.1% Millipore filtered cacodylate buft-
ered (Sigma), post-fixed with 1% Millipore-filtered osmium tetroxide (EMS) for 30 min, and
stained en bloc, with 1% Millipore-filtered uranyl acetate (Agar Scientific). Samples were dehy-
drated in increasing concentrations of ethanol, infiltrated and embedded in EMBed-812
medium (EMS). Polymerization was performed at 60°C for 2 days, and ultrathin sections were
cut in a Reichert supernova microtome, stained with uranyl acetate and lead citrate (Sigma)
and examined in a H-7650 transmission electron microscope (Hitachi) at an accelerating volt-
age of 100 kV. Electron micrographs were obtained using a XR41M bottom mount AMT digi-
tal camera (Advanced Microscopy Techniques Corp). Acquisition of immunohistochemistry
images was done in a Nanozoomer-SQ (Hamamatsu Photonics) and analysed using NDP.
view2 (Hamamatsu Photonics).

Parasite quantification in blood and organs

For parasitemia quantification, blood samples were taken daily from the tail vein and diluted
1:150. Parasites were counted manually in a Neubauer haemocytometer (0.1 mm?, detection
limit is 3.75x10° parasites per mL of blood). When applicable, the total number of parasites
was determined by multiplying by the total volume of blood, considering that a mouse has
58.5 mL of blood per kg of bodyweight.

For parasite quantification in organs, genomic DNA (gDNA) was extracted using NZY tis-
sue gDNA isolation kit (NZYTech, Portugal). The amount of T brucei 18S rDNA was mea-
sured by quantitative PCR (qPCR), using the primers 5>-ACGGAATGGCACCACAAGAC-3’
and 5-GTCCGTTGACGGAATCAACC-3’, and converted into number of parasites using a
calibration curve, as previously described by Trindade et al. [15]. Number of parasites per mg
of organ (parasite density) was calculated by dividing the number of parasites by the mass of
organ used for qPCR. The total amount of parasites in the organ was estimated by multiplying
parasite density by the total mass of the organ. Parasite burden normalized to tissue mass and
corresponding organ masses are available in the S3 and S5 Files.

Preparation of single cell suspensions

Gonadal AT samples were incubated at 37°C in Dulbecco’s Modified Eagle Medium (DMEM,
GIBCO) with Collagenase I (0.4mg/mL, Whortington LS004196), Collagenase IV (1mg/mL,
Whortington LS004188) and DNAse (10pg/mL) for 30 minutes, under 1100 rpm agitation.
Single cell suspensions from the spleen, heart and digested gonadal AT were obtained by siev-
ing them through a 40um-pore-size nylon cell strainer (BD Biosciences) with a syringe
plunger. Spleen cells were treated with erythrocyte lysis buffer (BioLegend 420301) to lyse red
blood cells. Both spleen and gonadal AT cells were resuspended in complete Roswell Park
Memorial Institute medium (cRPMI, RPMI supplemented with 1% sodium pyruvate 100mM,
1% MEM non-essential amino acids, 1% HEPES 1M, 1% Pen-Strep, 0.1% gentamycin 50mg/
mL, 0.1% B-mercaptoethanol 50mM and 10% fetal calf serum (all from Gibco)) to use for flow
cytometry analysis. Live cells in single cell suspensions were counted after trypan blue staining
in a haemocytometer.

Flow cytometry

Stainings of myeloid and lymphoid cells were performed separately. In isolated spleen cells,
stainings were performed in 5x10° cells. Stainings of cells isolated from the gonadal AT were
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performed with the highest number of cells possible, by diving the cell suspension equally
between each staining (never exceeding 5x10° cells).

For myeloid staining of surface determinants, cells were incubated for 45 minutes at 25°C
in cRPM], in the presence of 5% normal mouse serum (NMS), with the following antibodies:
F4/80-FITC (clone BM8, BioLegend), Ly6G-PerCP/Cy5.5 (clone 1A8, BioLegend),
CD274-PE/Cy7 (PD-L1, clone 10F.9G2, BioLegend), CD11b-APC/Cy7 (clone M1/70, BioLe-
gend), CD45-Brilliant Violet (BV) 510 (clone 30-F11, BioLegend) and Ly6C-BV605 (clone
HK1.4, BioLegend). To stain non-viable cells, Zombie Violet Fixable Viability Kit (BioLegend)
was used, incubating cells in PBS with 5% NMS, for 15 minutes at 25°C. Finally, stained cells
were resuspended in cRPMI for flow cytometry acquisition.

For lymphoid staining, cells were first incubated in cRPMI with phorbol 12-myristate
13-acetate (20ng/mL, PMA) and ionomycin (1ug/mL) to stimulate cytokine production by T
cells, for 1h45 at 37°C. Next, to block cytokine secretion, brefeldin A (10ug/mL) and monensin
(5uM), were added for the final 1h at 37°C of incubation. Staining of surface determinants was
performed by incubating cells for 45 minutes at 25°C in cRPMI with 5% NMS and the follow-
ing antibodies: CD3-FITC (clone 17A2, BioLegend), CD279-PE (PD-1, clone J43,
eBioscience), CD45-BV510 (clone 30-F11, BioLegend), CD4-BV605 (clone RM4-5, BioLe-
gend) and CD8-BV711 (clone 53-6.7, BioLegend). To stain non-viable cells, LIVE/DEAD Fix-
able Near-IR Dead Cell Stain Kit (Invitrogen) was used, incubating cells in PBS with 5% NMS,
for 15 minutes at 4°C. For staining of intracellular antigens, fixation and permeabilization of
cells was performed using Foxp3/Transcription Factor Staining Buffer Set (eBioscience) and
the following antibodies: IFN-y-PerCP/Cy5.5 (clone XMG1.2, BioLegend), Foxp3-APC (clone
FJK-16s, eBioscience) and TNF-o-eFluor450 (clone MP6-XT22, eBioscience). Finally, stained
cells were resuspended in cRPMI for flow cytometry acquisition.

For staining of B cell surface determinants, cells were incubated for 45 minutes at 25°C in
cRPMLI, in the presence of 5% normal mouse serum (NMS), with the following antibodies:
CD45-BV510 (clone 30-F11, BioLegend), IgD-APC (clone 12-26¢, eBioscience) and
CD19-APC/Cy7 (clone 6D5, Biolegend). For staining of intracellular antigens, fixation and
permeabilization of cells was performed using Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) and the following antibody Ki67-PE (clone 16A8, eBioscience). Samples were
analysed on a BD LSRFortessa flow cytometer with FACSDiva 6.2 Software. All data were ana-
lysed using FlowJo software version 10.0.7r2. A schematic of the gating strategy used is repre-
sented in S2 Fig. Immune cell populations normalized to tissue mass and corresponding organ
masses are available in the S3 and S4 Files.

Soluble VSG isolation and identification

Approximately 5x10° AnTat1.1E parasites cultured in HMI-11 were centrifuged at 2500g at
4°C for 10 minutes and washed twice in trypanosome dilution buffer (TDB). Trypanosomes
were then resuspended and incubated for 3 minutes at 37°C in 3 mL of 10mM sodium phos-
phate (NaH,PO,) buffer pH 8.0 containing a protease inhibitor cocktail (P8340, Sigma). Cells
were then incubated for 3 minutes on an ice water bath, centrifuged at 4000g for 5 minutes
and the supernatant purified through a diethylaminoethyl Sepharose column (GE Healthcare).
Protein quantification was performed using a BCA Protein Assay Kit (A53225, ThermoFisher
Scientific) according to the manufacturer’s instructions.

The protein sample was run through SDS-PAGE, stained with Coomassie blue and the pro-
tein band of interest was isolated, destained, reduced, alkylated and digested with trypsin (Pro-
mega) overnight at 37°C. The tryptic peptides were desalted and concentrated using POROS
C18 (Empore, 3M) and eluted directly onto the MALDI plate using 1 pL of in 50% (v/v)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009933 September 15, 2021 19/26


https://doi.org/10.1371/journal.ppat.1009933

PLOS PATHOGENS

Adipose tissue immunity

acetonitrile and 5% (v/v) formic acid. The data were acquired in positive reflector MS and MS/
MS modes using a 5800 MALDI-TOF/TOF (AB Sciex) mass spectrometer and using TOF/
TOF Series Explorer software v.4.1.0 (Applied Biosystems). External calibration was per-
formed using a CalMix5 standard (Protea). The 25 most intense precursor ions from the MS
spectra were selected for MS/MS analysis. The raw MS and MS/MS data were analysed using
Protein Pilot software v.4.5 (ABSciex) with the Mascot search engine (MOWSE algorithm).
For the search parameters were as follows: monoisotopic peptide mass values were considered,
maximum precursor mass tolerance (MS) of 50 ppm and a maximum fragment mass tolerance
(MS/MS) of 0.3 Da. The search was performed against the SwissProt protein sequence data-
base without taxonomy restriction. Carboxyamidomethylation of cysteines was set as fixed
modifications, oxidation of methionines and N-Pyro Glu of the N-terminal Q were set as vari-
able modifications. Protein identification was accepted only when significant protein homol-
ogy scores were obtained (P < 0.05) and at least one peptide was fragmented with a significant
individual ion score (P < 0.05). The MS data were generated by the Mass Spectrometry Unit
(UniMS), ITQB/iBET, Oeiras, Portugal.

Antibody quantification

Antigen-specific antibody titers were determined by ELISA. Assay plates (423501, BioLegend)
were coated overnight with 2 ug/mL purified VSG AnTatl.1 (10 mM sodium phosphate
buffer, pH 8.0) at 4°C. Assay plates were blocked with blocking buffer (3% BSA in PBS with
0.05% Tween20). Secondary antibody solutions were prepared by diluting 1:1000 anti-mouse
IgM-HRP (1ab0372, Covalab), anti-mouse IgG-HRP (lab0365, Covalab) and anti-mouse IgA-
biotin (clone RMA-1, BioLegend). Wells with biotinylated antibodies were incubated with
SAv-HRP (BioLegend). Assay plates were developed with TMB substrate set (BioLegend), sub-
sequently stopped with a 1M sulfuric acid solution and the OD 450 nm values were read in a
TECAN Infinite M200 microplate reader using 570 nm as the reference wavelength. All wash-
ing steps were performed with PBS with 0.05% Tween20. The OD cut-off value used for anti-
body titer was determined according to the formula [Cut-off = X,,cg+ 0.13(X,05)|sssss, where
Xheg is the average of the assay wells loaded with PBS and X, is the average of the wells loaded
with the most concentrated samples from mice infected for 9 days Antibody titers for AT, kid-
ney and spleen were normalized to the organ masses used to prepare cell-free suspensions.

Statistical analysis

The values presented are mean + SEM. Parasite and immune cell numbers were transformed
into their respective Log base 10 values to achieve linearization prior to statistical analysis. Sta-
tistical differences were assessed using two-way ANOVA and one-way ANOVA with Sidak’s
test for multiple comparisons. P values lower than 0.05 were considered to be statistically
significant.

Supporting information

S1 Fig. Immune activatory and suppressive transcriptomic signature. Heat map of the dif-
ferential expression of genes associated with immune response (A) activation and (B) suppres-
sion at days 6 and 26 post-infection relative to non-infected. Gene expression change in Log2
units is denoted in red for up-regulation and in blue for down-regulation.

(TIF)

S2 Fig. Gating strategy for flow cytometry analysis. (A) Myeloid gating strategy: live
immune cells were gated based on positive expression of CD45 and absence of viability dye
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signal. Single cells were then identified using SSC-W vs FSC-A gating. Total myeloid cells were
selected based on CD11b expression and then subdivided into neutrophils and other myeloid
cells based on Ly6G gating. Within the remaining myeloid cells, macrophages and monocytes
were identified using F4/80 vs Ly6C gating. (B) Lymphoid gating strategy: single live immune
cells were identified as described above and then T cells were identified based on the co-
expression of CD3 and CD4 or CD3 and CD8. CD4+ T cells were further subdivided into con-
ventional CD4+ T cells or regulatory T cells based on FoxP3 expression. Effector T cells were
identified by gating single or dual expression of TNF-o and IFN-y within CD3+CD4+FoxP3-
or CD3+CD8+ cells (C) B cell gating strategy: Live immune cells were identified as before and
then B cells were identified based on expression of CD19 and lack of CD3 expression. Acti-
vated B cells were identified based on positive Ki67 expression and absence of IgD expression.
(TIF)

S3 Fig. Comparison of flow cytometry and immuCC data. Variation of immune cell subsets
between days 0, 6 and 26 post-infection. Data are scaled between 0 and 1, where 1 corresponds
to the highest percentual value within each group. (A) B cells, (B) CD4+ T cells, (C) CD8+ T
cells, (D) Macrophages, (E) monocytes, (F) neutrophils and (G) other immune cells.

(TTF)

S$4 Fig. Organ mass and T cell dynamics. (A) Spleen and gonadal AT mass. (B) CD4+ T cells.
(C) CD8+ T cells. Error bars represent the standard error of the mean (n = 2—-6 mice per
group). Statistical analysis was performed with a two-way ANOVA using Sidak’s test for multi-
ple comparisons. * refers to statistical differences between the group in each time-point and
the non-infected group. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

(TTF)

S5 Fig. Purified soluble VSG identification. (A) Coomassie stained SDS-PAGE of purified
soluble VSG solution denoting a single preeminent band within the predicted size range of
VSG. (B) Best peptide match within the SwissProt database (sp|P06015|VSA1_TRYBB, Vari-
ant surface glycoprotein AnTaT 1.1 OS = Trypanosoma brucei brucei OX = 5702 PE = 2

SV = 1) with matching peptides depicted in bold red. (C) Summary of protein identification.
Protein score is -10*Log(P), where P is the probability that the observed match is a random
event. Protein scores greater than 70 are significant (p<<0.05). Protein scores are derived from
ions scores as a non-probabilistic basis for ranking protein hits. (D) Measurement of anti-VSG
IgM titers by ELISA depicting optical density (OD) curves and antibody titer cut off determi-
nation.

(TIF)

S6 Fig. Assessment of the role of PD-1 expression in parasite control. Percentage of PD1+
(A) CD4+ T cells and (B) CD8+ T cells. Effect of anti-PD-1 treatment on (C) parasitemia of
mice infected with T. brucei, quantified in a hemocytometer and (D) number of T. brucei para-
sites quantified by qPCR in spleen, gonadal AT and heart, 6 and 9 days post-infection. Error
bars represent the SEM (n = 5 mice per group). Statistical analysis was performed with a two-
way ANOVA using Sidak’s test for multiple comparisons. (A-B) * refers to statistical differ-
ences between groups. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

(TIF)

S1 Table. Mapping information of RNA-Seq reads in samples from infected AT.
(DOCX)

S1 File. RNA-seq raw counts and differential expression analysis. (A) Raw counts and (B)
reads per kilobase per million mapped reads from RNA-seq of AT from non-infected mice
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(D0), n = 3, day 6 post-infection (D6), n = 3 and day 26 post-infection (D26), n = 2. Differen-
tial expression analysis between (C) DO and D6, (D) D0 and D26 and (E) D6 and D26.
(XLSX)

S2 File. Significant GO terms list. GO term analysis from RNA-seq of AT from non-infected
mice (D0), n = 3, day 6 post-infection (D6), n = 3 and day 26 post-infection (D26), Up-regu-
lated GO terms in the AT between (A) D6vsDO, (B) D26vsDO, (C) D26vsD6. Down-regulated
GO terms in the AT between (D) D6vsDO0, (E) D26vsDO, (F) D26vsDé6.

(XLSX)

S3 File. Effect of tissue weight on immune cell number and parasite number determina-
tion. (A) Weight of spleens and ATs analysed. Data for entire organs and normalized to tissue
weight (B-C) parasite burden, (D-E) CD45+ cells, (F-G) neutrophils, (H-I) macrophages,
(J-K) monocytes, (L-M) effector CD4+ T cells, (N-O) effector CD8+ T cells and (P-Q) regula-
tory T cells.

(PDF)

S4 File. Effect of tissue weight on B cell number determination. (A) Weight of spleens and
ATs analysed. Data for entire organs and normalized to tissue weight (B-C) B cells and (D-E)
activated B cells.

(PDF)

S5 File. Effect of tissue weight on parasite number determination. Weight of organs used
from infected (A) RagZ'/ ", (B) Jht”, (C) Ifng'/ ", (D) C3”" and (E) anti-PD1 treated mice, with
respective controls. Data for parasite numbers in the entire organ or normalized to tissue
weight for infected (F-G) RagZ'/ ", (H-1) Jht”, J-K) Ifng'/ ", (L-M) C3”" and (N-O) anti-PD1
treated mice, with respective controls.

(PDF)
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In summary, the findings of Harrison et al.
nicely highlight the structural basis under-
lying the interaction of RIFINs with the
prominent inhibitory immune receptor
LILRB1. Importantly, this dampening func-
tion of RIFINs is ensured by a dedicated
LILRB1-binding surface that commonly
displays strong antigenic variation to
avoid immune detection. This enlightening
article provides additional evidence that
the P. falciparum multigene families of
adhesins have evolved to disrupt the acti-
vation of immune cells, thereby mimicking
the structure of the natural ligand of
LILRB1, that is, MHC class | molecules.
This study points out once again how
P. falciparum parasites have deployed a
plethora of strategies to survive in the
human host and sustain their life cycle in
endemic areas.
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Humans are protected from most
African trypanosomes via high-
density lipoproteins, known as
trypanosome lytic factor (TLF). In
humans, IgM antibodies are found
associated with TLF. The recent
work by Verdi et al. studied the
origin of these antibodies and their
binding partners, suggesting a new
model for TLF uptake.

For over a century we have known that
human blood contains a trypanosome
lytic factor (TLF) capable of lysing most
animal-infecting African trypanosomes,
the notable exceptions being the human-
infective Trypanosoma brucei rhodesiense
and T. b. gambiense parasites [1]. TLF is a
high-density lipoprotein (HDL) containing
apolipoprotein L-1 (APOL1), apolipoprotein
A-l (APOAI), and the hemoglobin (HB)-
binding haptoglobin-related protein (HPR)
present in several primates, including
humans [2]. The size of TLF, or TLF1, is
roughly 500 kDa. A larger TLF particle
of =1400 kDa is also found in human
serum [3]. TLF2 has an IgM molecule asso-
ciated with the TLF complex (i.e., TLF2 =
TLF1 + IgM). In both TLF1 and TLF2 com-
plexes, APOL1 is the lytic component [2,4].

Cell
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APOL1 binds to the endosomal mem-
branes of T. brucei at acidic pH, forming
cation-selective channels. These are acti-
vated by pH neutralization during exposure
to an extracellular milieu, which occurs
upon endosome fusion to the plasma
membrane during endosomal recycling.
Activated APOL1-formed channels allow
sodium influx, resulting in potassium efflux,
chloride and water influx, and subsequent
osmotic swelling and lysis [2].

TLF1 is endocytosed by the parasite
when the HPR-HB complex binds to the
parasite's [5] haptoglobin—-hemoglobin
receptor (HPHBR). HPR competes with
circulating haptoglobin (HP) for hemoglo-
bin and it has been shown that TLF1
endocytosis is inhibited by physiological
levels of HP [6]. This hemoglobin depen-
dence may mean that TLF1 has a limited
lytic activity in vivo [6]. Notable excep-
tions may be situations in which circulating
free hemoglobin is highly increased (e.g.,
hemolysis). By contrast, the endocytosis
of TLF2 is partially independent from
HPHBR through a thus far unidentified
pathway [5]. The recently published work
from Verdi and colleagues sheds light on
how TLF2 finds its way into the parasite
[3]. The authors show that host natural
IgM antibodies can bind to the TLF particle
and to the parasite surface, which could fa-
cilitate the binding of this innate immunity
particle to the pathogen.

Natural antibodies are produced by the
host without requiring prior exposure
to foreign antigens and some are even
present during prenatal development [7].
They are predominantly of the IgM isotype
and have a germline structure, presenting
no nontemplated nucleotides nor somatic
hypermutation. A hallmark feature of these
IgMs is their polyreactivity, being able to
recognize a wide array of epitopes in self
and foreign antigens [7]. These antibodies
are of high biological significance, present-
ing functions such as immunity to infec-
tious agents, clearance of apoptotic
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(ii) TLF-IgM compl:xA

are dragged to the
FP where they are
endocytosed.

(i) 1IgM bridges
the TLF to the
parasite.

(iii) TLF causes the parasite
to swell and lyse.
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Figure 1. Model of TLF2 Delivery to African Trypanosomes. (i) The simultaneous binding of an
autoreactive IgM to the parasite (i.e., VSG protein, not depicted) and to the HPR portion of TLF creates a stable
interaction between the parasite and TLF. (i) The large IgM-TLF complexes bound to the parasite’s VSG are
pushed towards the FP by a hydrodynamic drag force created by the parasite’s forward swimming movement.
Once in the flagellar pocket, the IgM-TLF-VSG complexes are endocytosed through a receptor-independent
mechanism. (iii) TLF is disassembled into its components in the endosomal compartment, and the lytic compo-
nent is inserted into endosomal membranes. Endosome recycling delivers the lytic component of TLF to the
plasma membrane, allowing sodium influx and resulting in osmotic imbalance and lysis. The large and small
brown circles represent the nucleus and mitochondrial DNA, respectively. The gray circles containing TLF
represent endosomes. Abbreviations: FP, flagellar pocket; HPR, haptoglobin-related protein; TLF, trypanosome

Iytic factor; VSG, variant surface glycoprotein.

debris, and regulation of B cell develop-
ment and responses [7].

In theory, owing to their pentameric struc-
ture, IgMs can bind up to ten epitopes
simultaneously. Interestingly, Verdi and col-
leagues demonstrated that IgMs extracted
from TLF2 complexes were able to bind to
both the TLF2 particle and to the parasite.
Within the TLF2 particle, IgM recognizes
the HPR component (Figure 1), but not the
APOL1. By contrast, IgM recognizes several
proteins from total lysates of T. brucei. Im-
portantly, these IgMs have been proven to
be capable of binding — albeit with varying

affinity — to at least three different variant sur-
face glycoproteins (VSGs), the dominant sur-
face protein of T. brucei that is responsible
for its immune evasion. The simultaneous
binding of an IgM to the HPR in the TLF2
particle and to the VSG in the parasite
could lead to a rapid internalization of
TLF2 by hijacking the molecular sail mecha-
nism [8] (Figure 1). This mechanism allows
T. brucei to direct antibody-VSG com-
plexes towards the flagellar pocket due to
the hydrodynamic drag force exerted on
the antibody complex during the parasite’s
forward  swimming movement  [8]
(Figure 1). Indeed, the proposed mecha-
nism would direct the TLF-antibody-VSG
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complexes to the flagellar pocket,
facilitating endocytosis of the TLF particle
and subsequent lysis of the parasite by
APOL1 (Figure 1). Altogether, this model
proposes a fast and HPHBR-independent
route of TLF2 internalization and suggests
that the HPR-bound IgM may prevent
HPHBR-HPR-HB interaction via steric
obstruction. Although an enticing pros-
pect, this model requires future validation.
It would also be interesting to be able to
visualize the TLF-antibody-VSG complex
with methods such as cryogenic electron
microscopy.

Healthy individuals present aimost 20 times
more TLF1 than TLF2; however, people
infected with T. b. rhodesiense present a
ratio of TLF1:TLF2 closer to one. This
correlates well with the fact that total IgM
levels are roughly 50 times higher in these
patients than in healthy controls. Together
with the fact that 7. b. rhodesiense infection
does not seem to change plasma APOL1
levels suggests that the TLF1:TLF2 ratio is
determined by the amount of circulating
IgM. It remains to be elucidated whether
this is due to natural antibodies that arise
via clonal expansion of many polyreactive
IgM-producing B cells or whether there
is an actual expansion and somatic
hypermutation of B cells resulting in IgMs
specific to T. b. rhodesiense. If the latter sit-
uation occurs, and IgMs with increased af-
finity for VSG are generated, would this
affect their ability to recognize HPR? And
would this change the time-course of the
infection? It is conceivable that the stability
of these TLF2 complexes may differ in
stability to those formed with natural anti-
bodies. In the future, it would be interesting
to assess whether TLF2 complexes from
naive individuals differ in stability and lytic
capacity from those of infection-cured
individuals.
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