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Abbrev iat ions

5-HT serotonine
+Schisto exposed to Schistosoma eggs
Ach acetylcholine
AM alveolar macrophage
ART antiretroviral therapy
α-sma alfa smooth muscle actin
BAL bronchoalveolar lavage
BW body weight
CAP community acquired pneumonia
cART combined antiretroviral therapy
CCR5 C-C chemokine receptor-5
COPD obstructive pulmonary disease
CXCR4 C-X-C chemokine receptor-4
DC dendritic cell
dPAP diastolic Pulmonary arterial pressure
Eos eosinophils
FSC forward scatter
GEO-MFI geometric mean � uorescence intensity
HIV human immunode� ciency virus
HIV mice HIV-1 (Tg26) transgenic mice
HPAH hereditary pulmonary arterial hypertension
IFM immuno� uoresce microscopy
IFN-γ interferon-γ
IL-1 interleukin-1
IL-13 interleukin-13
IL-17 interleukin-17
IL-4 interleukin-4
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IM interstitial macrophage
iMonocyte in� ammatory monocyte
IRIS immune reconstitution in� ammatory syndrome
i.p. intraperitoneal
IPAH idiopathic pulmonary arterial hypertension
i.v. intravenous
LV+S le�  ventricle plus septum
mPAP mean pulmonary arterial pressure
NHP nonhuman primate
NK natural Killer
NKT natural killer T cell
NPs neutrophils
PA pulmonary arteries
PAH pulmonary arterial hypertension
PAP pulmonary arterial pressure
PCNA proliferating cell nuclear antigen
pMonocyte patrolling monocyte
PVD pulmonary vascular disease
PVR pulmonary vascular resistance
RV right ventricle
RV/(LV+S) Fulton index
RVSP right ventricular systolic pressure
SHIV chimeric viruses harbouring fragments of SIV and HIV genomes
SNP sodium nitroprusside
sPAP systolic pulmonary arterial pressure
SSC side scatter
TGF-β transforming growth factor β 
� 1 T helper type 1
� 2 T helper type 2
TNF tumor necrosis factor
UNAIDS Joint United Nations Programme on HIV/AIDS
VSMC vascular smooth muscle cells
vWF Von Willebrand factor
WHO World Health Organization
Wt wild-type
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HIV and Schistosoma infections have been individually associated with pulmonary vascular 

disease. Co-infection with these pathogens is very common in tropical areas, with an estimate 

of more than six million people co-infected only in Africa. However, the e� ects of HIV and 

Schistosoma co-exposure on the pulmonary vasculature and its impact on the development 

of pulmonary vascular disease are largely unknown, due partly to the scarcity of experimental 

models. Since HIV proteins and Schistosoma eggs are the primary triggers of vascular pathology, 

it could be hypothesized that co-exposure to HIV and Schistosoma would allow for severe and 

rapidly pulmonary vascular disease progression, such as pulmonary arterial hypertension (PAH).

HIV-associated PAH is characterized by proliferative vasculopathy with intimal � brosis and 

development of plexiform lesions. � is vascular damage is associated with a narrowing of the 

pulmonary vessel lumen, which over time, increases pulmonary pressure. � e mechanisms involved 

in HIV-associated PAH are not yet well understood. Still, viral proteins have been postulated 

to play a role in the endothelial dysfunction observed. On the other hand, schistosomiasis-

associated lung pathology is thought to be triggered by embolization of schistosome eggs into the 

lungs, leading to in� ammation and pulmonary vascular remodelling. � us, peri-egg granulomas 

formation and vascular remodelling with perivascular in� ltrates and vessel wall thickening are 

considered critical events in the schistosomiasis-associated pulmonary pathology. 

 Here, we have approached the analysis of the impact of HIV and Schistosoma co-exposure 

on the development of pulmonary vascular pathology by using a non-infectious animal model 

based on lung embolization of Schistosoma mansoni eggs in egg-sensitized HIV-1 transgenic 

(HIV) mice. � is HIV transgenic line harbours a replication-de� cient non-infectious HIV-1 
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pro-viral genome, which encodes seven of the nine HIV-1 proteins and allows their expression 

in di� erent tissues, including the lung. 

Compared to wild-type (Wt) animals, HIV mice displayed an impaired granulomatous 

immune response to parasite eggs in the lung, as suggested by the smaller size and increased 

� brosis of granulomas and augmented residual egg burden; with the latter further suggesting 

impaired capability of granulomas for clearing parasites eggs. � e lung vasculature demonstrated 

a higher degree of perivascular � brosis in egg-treated HIV than in Wt mice, while medial wall 

muscularization was similarly increased in both types of mice. Notably, schistosome-exposed 

HIV mice but not Wt counterparts showed exacerbated endothelial remodelling, including 

intimal proliferation, increased vessel obliterations and formation of plexiform-like lesions, 

with markedly suppressed endothelial-dependent vasodilation and associated augmentation 

of the pulmonary arterial pressure. � ese structural and functional changes in the pulmonary 

vasculature correlated with an altered pulmonary immune landscape in co-exposed mice, 

characterized by increased abundance of γδ T cells with intermediate-to-high levels of 

surface TCR and upregulated CD27, patrolling-type monocytes and interstitial and alveolar 

macrophages, and heightened expression of IFN-γ/IL-17A by TCRint-hi γδ T cells and CD4 T 

cells, and IL-4/IL-13 in myeloid cells; which globally suggest a shi�  in T cells from a type 2 to 

a type 1/17 pro-in� ammatory phenotype and enhanced local in� ammation with relevance to 

development of vascular pathology. 

Our study shows for the � rst time that combined exposure to HIV and Schistosoma, as 

it may occur in co-infected people, targets the pulmonary vascular endothelium and results 

in aggravated endothelial remodelling and dysfunction. � us, persistent expression of HIV 

proteins in the lung, as occurs in HIV-infected people under antiretroviral therapy, may cause 

an initial endothelial insult that may be exacerbated in a subsequent Schistosoma infection; and 

foster ultimately the development of pulmonary vascular pathology. Furthermore, the mouse 

model of HIV and Schistosoma co-exposure may provide a valuable experimental tool for a 

deeper understanding of pulmonary vascular disease associated to the HIV and Schistosoma 

co-morbidity; and for designing and testing of novel or improved therapeutic strategies for the 

treatment of co-infected people.
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Las infecciones por VIH y Schistosoma están asociadas de forma independiente con el 

desarrollo de enfermedad vascular pulmonar. La co-infección con estos patógenos es muy 

común en zonas tropicales. A nivel mundial, se estima que existen seis millones de personas co-

infectadas. Sin embargo, se desconocen los efectos de la co-exposición a estos agentes infecciosos 

en los vasos sanguíneos del pulmón y su impacto en el desarrollo de enfermedad vascular 

pulmonar; esto debido en parte a la escasez de modelos experimentales. Ya que tanto VIH 

como Schistosoma pueden inducir patología vascular en el pulmón, se podría hipotetizar que 

la co-exposición a estos patógenos podría acelerar la progresión a formas graves de enfermedad 

vascular pulmonar, como es el caso de la hipertensión arterial pulmonar (HAP).

La HAP asociada a la infección por VIH se caracteriza por una vasculopatía proliferativa con 

� brosis de la capa íntima y aparición de lesiones plexiformes. El daño vascular se asocia con una 

reducción de la luz de los vasos pulmonares, que con el tiempo, aumenta la presión pulmonar. Los 

mecanismos subyacentes a este tipo de patología se desconocen casi totalmente. Se ha postulado, 

sin embargo, que las proteínas virales pueden estar implicadas en la disfunción endotelial 

observada. Por otra parte, en el caso de la esquistosomiasis, se piensa que la patología vascular 

es causada por los huevos del parásito embolizados en los vasos pulmonares, lo que daría lugar 

a in� amación y remodelado vascular. Así, la formación de granulomas alrededor de los huevos, 

el remodelado vascular, la presencia de in� ltrados perivasculares y el engrosamiento de la pared 

vascular se consideran eventos críticos en la patología pulmonar asociada a la esquistosomiasis.

En el presente trabajo de Tesis Doctoral se ha abordado el análisis del impacto de la co-

exposición a VIH y Schistosoma en el desarrollo de patología vascular pulmonar empleando 

un modelo animal de tipo no infeccioso, basado en la embolización en el pulmón de huevos 
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de Schistosoma mansoni en ratones VIH-1 transgénicos (ratones “HIV”). Esta línea de ratones 

transgénicos porta un genoma pro-viral no-replicativo de VIH-1 que codi� ca siete de las nueve 

proteínas virales, permitiendo su expresión en diferentes tejidos, incluido el pulmón.

En comparación con ratones controles (“Wt”), los ratones HIV mostraron una de� ciencia en 

la respuesta inmunitaria a los huevos del parasito, como lo sugiere la formación de granulomas 

más pequeños, � bróticos y con una capacidad reducida de eliminación de los huevos. En los 

vasos pulmonares de los ratones HIV tratados con huevos se observó un mayor grado de � brosis 

perivascular, en comparación con los ratones Wt tratados, pero un engrosamiento similar de 

la pared vascular media. Notablemente, los ratones HIV tratados con huevos, pero no sus 

correspondientes controles Wt, mostraron un remodelado endotelial exacerbado, incluyendo 

proliferación de la capa íntima, aumento del número de vasos ocluidos y formación de lesiones 

plexiformes, con una supresión marcada de la vasodilatación dependiente de endotelio y un 

aumento asociado de la presión arterial pulmonar. Estos cambios estructurales y funcionales 

en los vasos del pulmón se correlacionaron con una alteración de las células inmunitarias 

pulmonares, caracterizada por un incremento en la abundancia de linfocitos Tγδ expresando 

niveles aumentados de TCR y CD27, monocitos de tipo “patrullero” y macrófagos intersticiales 

y alveolares; y un aumento en la expresión en el pulmón de las citocinas IFN-γ/IL-17A en células 

Tγδ (TCRint-alto) y en linfocitos T CD4, y de IL-4/IL-3 en células mieloides; lo que sugiere una 

transición en los linfocitos T de una respuesta de tipo 2 a una pro-in� amatoria de tipo 1/17 y un 

aumento en la in� amación local que puede ser relevante en el desarrollo de patología vascular. 

Nuestro estudio muestra, por primera vez, que la exposición combinada a VIH y Schistosoma, 

como puede ocurrir en personas co-infectadas, afecta particularmente al endotelio vascular 

pulmonar y causa un agravamiento del remodelado y la disfunción endotelial. Así, la expresión 

persistente de proteínas de VIH en el pulmón, tal y como se ha observado en individuos infectados 

con VIH bajo tratamiento anti-retroviral, podría provocar un daño inicial en el endotelio 

vascular susceptible de ser exacerbado por una infección subsecuente con Schistosoma, lo que 

promovería el desarrollo último de patología vascular pulmonar. Además, nuestro modelo de 

co-exposición a VIH y Schistosoma puede constituir una valiosa herramienta experimental 

para profundizar en la compresión de la enfermedad vascular pulmonar generada por la co-

morbilidad asociada a estos agentes infecciosos, y también para el diseño y prueba de nuevas o 

mejoradas estrategias terapéuticas para el tratamiento de las personas co-infectadas.
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3.1. PULMONARY VASCULAR DISEASE

� e pulmonary circulation plays the crucial role of ensuring a continuous supply of oxygenated 

blood to the body. Compared to the systemic circulation, the pulmonary circulation is a low-

pressure, high-� ow system characterised by a low pulmonary vascular resistance, about 1/10 

of systemic vascular resistance. In addition, pulmonary arteries (PA) show high distensibility 

and may increase their size to accommodate for increased blood � ow. All these features allow 

the pulmonary circulation to carry out fundamental functions such as ventilation and gas 

exchange, which may be a� ected under pathological conditions such as pulmonary vascular 

diseases. Inasmuch, the increase in pulmonary arterial pressure leads to impaired gas exchange 

and commonly manifests as dyspnoea. If prolonged, it can lead to right ventricular failure.

Pulmonary vascular diseases (PVD) constitute a global health concern. Aside from the 

idiopathic or heritable forms, in many cases, PVD are secondary to other pathological 

processes a� ecting the pulmonary vasculature. In particular, infectious diseases such as those 

caused by Human Immunode� ciency Virus (HIV) and Schistosoma are leading causes of 

PVD (Barnett & Hsue, 2013; Butrous & Mathie, 2019; Cribbs et al., 2020a; Crothers et al., 

2011; Kna�  et al., 2020) especially of pulmonary arterial hypertension (PAH) (Butrous et al., 

2008; Butrous & Mathie, 2019). 

PAH is de� ned as a sustained mean pulmonary arterial pressure (PAP) over 20 mmHg 

together with pulmonary vascular resistance (PVR) ≥3 Wood units (WU) during right heart 

catheterization. PAH is a rare disease a� ecting 15 to 50 individuals per million within the United 

States and Europe (Beshay et al., 2020). � e persistent elevation of PAP in PAH may progress 
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into right ventricular failure and premature death. � ere are several types of PAH according to 

the 6th World Symposium in Pulmonary Hypertension (Figure 1). 

Figure 1. Causes of PAH according to the 6th World Symposium in Pulmonary Hypertension. Source: 6th 
World Symposium in Pulmonary Hypertension.

Idiopathic PAH (IPAH) include forms of the disease without a clear cause. Hereditary PAH 

(HPAH) is linked to genes that are inherited from family members. PAH may even be associated 

with past or current drug use, such as methamphetamine use or certain diet pills. PAH can 

also develop in association with other medical conditions such as congenital heart disease, liver 

disease, HIV or Schistosomiasis. � us, infectious diseases such as HIV and Schistosomiasis are 

leading causes of PVD, especially PAH, globally. Unfortunately, although there are treatment 

options for PAH, there is no known cure, apart from lung transplantation. 

� e elevated PAP in PAH is attributed to persistent vasoconstriction and pulmonary vascular 

remodelling characterized by smooth muscle cell hypertrophy and progressive neointimal 

proliferation of endothelial cells, leading to occlusive vascular lesions of the smallest pulmonary 

arteries (PA) (Abe et al., 2010; Humbert et al., 2019; Tuder et al., 2013). 

� erefore pulmonary vascular structure and composition may be altered during PAH 

development. Pulmonary arteries consist of the intima layer: the innermost layer of the blood 

vessel is a non‐fenestrated monolayer of endothelial cells lining the vessel lumen; the media 

layer: the interlayer of the vessel which it is comprised by vascular smooth muscle cells (VSMC) 

and connective tissue; and � nally the adventitia: the outermost layer, in general, it is loosely 

organized, comprised by extracellular matrix of collagen and elastin � bers, � broblast or other 

interstitial cells, and a neural network (Figure 2,A). When PAH develops, thickening and 

sti� ening of the arteries limit blood � ow and increase blood � ow resistance (Figure 2,B). At 

moderate PAH the � ow through the artery is severely restricted (Figure 2,C). Finally, severe 

PAH leads to vascular leaks with abnormal growth of endothelial cells, called plexiform lesions, 

and where blood � ow is so poor that blood clots are produced (Figure 2,D).
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3.2. PULMONARY PATHOLOGY ASSOCIATED WITH HIV INFECTION

3.2.1. HIV INFECTION AND DISEASE

According to the World Health Organization (WHO), since the beginning of the epidemic, 

76 million people have been infected with the HIV virus and about 33 million people have died 

of HIV. In 2020, 38 million worlwide were living with HIV, 73% of all the people living infected 

had access to antiretroviral therapy (ART), 16% of all the people living with HIV did not know 

that they have HIV and 1.7 [1.4−2.2] million people were newly infected worldwide in 2020 

(Figure 3). 

An estimated 0.7% [0.6-0.9%] of adults aged 15–49 years worldwide are living with HIV, 

although the burden of the epidemic continues to vary considerably between countries and 

regions. HIV infection is not exclusive to developing countries, but is quite prevalent in 

developed countries as well. � e WHO African region remains most severely a� ected, with 

Figure 2. Vascular remodelling in pulmonary arterial hypertension. Adapted from Pulmonary Hypertension 
Association (https://phassociation.org/).
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nearly 1 in every 25 adults (3.7%) living with HIV and accounting for more than two-thirds of 

the people living with HIV worldwide (Figure 4).

Figure 3. Summary of the global HIV epidemic. Source: World Health Organization 2020. 

Figure 4. Estimated number of people (all ages) living with HIV. Source: World Health Organization 2020.
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HIV are part of the genus Lentivirus. � ey are a group within the family Retroviridae. HIV was 

discovered in 1983 by Barre-Sinoussi et al. and Gallo et al. (Barre-Sinoussi et al., 1983; Gallo et al., 

1983). � e HIV virus causes an infection that primarily attacks the human immune system, which 

is key to survival in a world surrounded by pathogens. Speci� cally, the HIV virus infects CD4 T 

lymphocytes via C-C chemokine receptor-5 (CCR5) and C-X-C chemokine receptor-4 (CXCR4), 

although it is also capable of infecting other cell types such as macrophages or dendritic cells that 

also express these receptors on their membranes, including microglial cells (Feng et al., 1996). 

As mentioned above, most of HIV infected people is being treated with ART, but still represents 

a lifelong treatment with no de� nitive cure. HIV-infected individuals who are compliant to ART 

show an apparent clearance of the virus in the peripheral blood shortly a� er initiating therapy 

(Almodovar, 2014). However, viral particles can be detected a� er stopping antiretrovirals 

suggesting that there is still some viral re-transcription even with treatment (Costiniuk et al., 

2012; Goujard et al., 2012; Zugna et al., 2012). To identify the properties of these reservoirs, four 

SIV239-infected Rhesus macaques were treated with combined antiretroviral therapy (cART) for 

1 year, while plasma viral RNA (vRNA) was e� ectively suppressed, a systemic analysis revealed 

that the highest vRNA prevalence was found � rstly in the  lymphatic tissues and secondly in 

the lungs and intestine  much more than in the  other tissues. (Horiike et al., 2012). Cryptic 

replication of HIV in the lung might contribute to immune disturbances leading to pulmonary 

complications, and hence, deserves close attention (Almodovar, 2014).

3.2.2. PULMONARY COMPLICATIONS OF HIV INFECTION

Since HIV was � rst discovered, pulmonary complications have been a frequent cause of 

morbidity and mortality (Wallace et al., 1997). ART treatment has increased the life expectancy of 

patients and has also changed the associated pulmonary complications. For example, the incidence 

of opportunistic infections such as Pneumocystis pneumonia (PCP) has declined signi� cantly 

while the incidence of community acquired pneumonia (CAP) has not decreased proportionately. 

In addition, non-infectious complications such as chronic obstructive pulmonary disease (COPD), 

asthma, lung cancer, and PAH have emerged as signi� cant comorbidities (Cribbs et al., 2020b). 

While PAH is a rare disease in the general population, it occurs signi� cantly more frequently in 

the HIV-infected population reported to be 1 in 200 (0.5%) individuals.

� e pathogenesis of HIV-associated PAH is very complex and results from genetic and 

environmental interaction. � e possible mechanisms are unclear although numerous studies 



Introduction44

have attempted to clarify part of the pathophysiological process of HIV-related PAH. � ree main 

mechanisms are responsible for the HIV PAH: the HIV viral proteins found in the pulmonary 

vascular endothelium, immune system and cytokine release alteration due to the presence of 

HIV and increase the genetic predisposition due to HIV (Bigna et al., 2015).

3.2.3. PATHOLOGICAL EFFECTS OF HIV PROTEINS IN THE LUNG

Numerous mechanisms exist as to how HIV-1 proteins damage the endothelium. � e HIV-1 

genome contains 9 main genes: gag, pol, env, tat, rev, vpu, vpr, vif, and nef. Proteolytic cleavage 

of the Gag-Pol precursor protein yields the major structural components of the viral core, Env 

produces the important envelope glycoproteins gp120 and gp41 and the remaining genes encode 

for the regulatory proteins Tat and Rev, and the accessory proteins Vpu, Vpr, Vif, and Nef (Kline 

& Sutli� , 2008). � ese proteins have been probed to induce vascular oxidative stress, smooth 

muscle cells proliferation and migration, and endothelial injury leading to HIV related PAH. 

Complex plexiform-like lesions characterized by luminal obliteration, intimal disruption, medial 

hypertrophy, thrombosis, and recanalized luminal were found exclusively in animals infected with 

SHIV-Nef (a chimeric viral construct containing the HIV Nef gene in an SIV backbone), but not 

in animals infected with SIV, demonstrating that Nef induces directly complex plexiform lesion 

in the pulmonary vasculature (Marecki et al., 2006). Nef was present in endothelial cells of HIV 

patients with PAH and infected porcine pulmonary arteries (Du� y et al., 2009). Two studies found 

that Nef can enter into the pulmonary endothelial cells via the CXCR4 receptor and thus induce 

proliferation and apoptosis of endothelial cells in the lung (Briggs et al., 2001; James et al., 2004).

Tat down-regulates bone morphogenetic protein type II receptor  (BMPR2) expression 

and signaling by ~50% (Caldwell et al., 2006). BMPR2 participate in many physiological 

and pathological processes including inhibition of vascular smooth muscle proliferation and 

promoting the survival of pulmonary arterial endothelial cells, therefore preventing arterial 

damage and adverse in� ammatory responses (Ehrlich et al., 2012). Reports on hereditary PAH 

have suggested that this level of decreased BMPR2 expression can lead to altered lung physiology 

and PAH (Machado et al., 2001).

GP120 induces apoptosis and endothelin-1 secretion in primary human lung endothelial 

cells (Kanmogne et al., 2005) and it is a potent stimulator of monocytic endothelin-1 production 

(Ehrenreich et al., 1993).
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3.2.4. EFFECTS OF HIV INFECTION ON THE PULMONARY IMMUNE SYSTEM 

� e pulmonary immune function during HIV infection is impaired and have direct 

implications on the associated pathophysiology. In fact, HIV can a� ect both innate and acquired 

immune function.

Innate immunity and lung cell compartments can be a� ected by HIV infection (Figure 5). 

Surfactant proteins D and A can modulate HIV, inhibiting infectivity of CD4+ T cells, but also 

stimulating HIV transfer from dendritic cells (DCs) to CD4 T cells (Madsen et al., 2013). HIV 

can also infect alveolar macrophages (AMs) (Kanmogne et al., 2005). AMs perform a variety of 

important functions as phagocytosis, superoxide burst, proteolysis, killing and remove senescent 

cells, repair tissue, and intimately coordinate with T cells in adaptive immune function. Infection 

of AMs can cause impaired phagocytosis, killing, and dysfunctional immune responses to 

pathogens. HIV infection of AMs can lead to HIV persistence in the lung and can result in 

altered cytokine release by AMs (Tachado et al., 2005).

Figure 5. Pulmonary innate immunity can be aff ected by HIV infection. Source: Pathogenesis of HIV-
Related Lung Disease: Immunity, Infection, and Infl ammation. Cribbs et al, 2020.
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Similar to AMs, DCs are key cells of innate immunity and can be primarily infected by HIV. 

Studies show direct interactions between NK cells and HIV peptides (Mavilio et al., 2003). NK 

cells are additionally known to have an important role in controlling HIV infection through 

production of interferon-γ (IFN-γ) (Terunuma et al., 2008).

HIV a� ects many aspects of adaptive immune system in the lung (Figure 6). HIV can infect DCs, 

primary antigen-presenting cells located in the airway epithelium, resulting in T cell activation. 

Chronic immune activation in the lung causes an in� ux of HIV-speci� c CD8 T cells, resulting in 

a decreased CD4/CD8 T cell ratio, impaired proliferative responses, and T cell exhaustion (Ne�  

et al., 2014). HIV can also a� ect the di� erentiation of CD4 T cells, which is mediated by cytokines 

and transcription factors. HIV-induced chronic immune activation can also shi�  T cell immune 

responses, inhibiting the production of � 1 cytokines to favour a more � 2 response. In addition 

to alterations in cell-mediated immunity and chronic T cell activation, HIV also increases B cell 

activation impairing serologic response, resulting in impaired antibody responses.

Figure 6. Pulmonary adaptative immunity can be aff ected by HIV infection. Source: Pathogenesis of HIV-
Related Lung Disease: Immunity, Infection, and Infl ammation. Cribbs et al, 2020.
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3.2.5. THE PULMONARY IMMUNE SYSTEM OF HIV-INFECTED PEOPLE UNDER ART

ART can reconstitute some of the immune function lost with HIV replication. BAL CD4+ 

T cells thru proliferation of memory T cells result in an improved functionality of the T cell 

function (Knox et al., 2010). Also, HIV suppression restores the lung mucosal CD4+ T-cell viral 

immune response and resolves CD8+ T-Cell alveolitis in patients at risk for HIV-associated 

chronic obstructive pulmonary disease (Popescu et al., 2016). In addition, ART-induced decrease 

in HIV viremia was associated with a signi� cant increase in B cell counts, similar to increases 

in CD4+ T cell counts yet distinct from the lack of increase in CD8+ T cells. � e increase in 

B cell counts was accompanied by a signi� cant decrease in the frequency of apoptosis-prone 

B cell subpopulations, namely mature activated and immature transitional B cells, which are 

overrepresented in untreated HIV disease. � e increase in B cell counts was re� ected by a 

signi� cant increase in naive and resting memory B cells, both of which represent populations 

that are essential for generating adequate humoral immunity. � is data explain the improvement 

in humoral immunity reported to occur a� er an ART-induced decrease in HIV viremia (Moir 

et al., 2008). Although HIV infection of tissue macrophages is rapidly suppressed by ART, as 

re� ected by decreases in cell-associated virus, delayed viral rebound in tissue macrophages 

occurs in about one-third of animals studied reinforcing the notion of established persistence of 

HIV infection within macrophages (Honeycutt et al., 2017).

ART can also impact the lung by causing immune reconstitution in� ammatory syndrome 

(IRIS). Reconstitution of CD4+ T cells with ART results in AM activation in the setting of 

mycobacterial infections (Lawn et al., 2009) and increased pro-in� ammatory mediators (Barber 

et al., 2012).

3.2.6. ANIMAL MODELS OF HIV INFECTION

Animal models for HIV pathophysiology include rhesus, pigtail and cynomolgus macaques 

that can be infected with a simian immunode� ciency virus (SIV) or chimeric viruses harbouring 

fragments of SIV and HIV genomes (SHIV). � ese models recapitulate many aspects of the 

human HIV-induced immunopathology in the context of simian AIDS and have largely 

contributed to a better knowledge of HIV physiology in particular in the � eld of vaccine and 

drug testing. Nevertheless, studies using nonhuman primate (NHP) models are limited by 

several factors, including high cost, small experimental groups and an ever-increasing reticence 

secondary to ethical concerns (Masse-Ranson et al., 2018).
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Of note, murine cells are refractory to HIV-1 infection, even when genetically 

engineered to express the CD4 receptor molecule, but they do express HIV-1 genes when 

the virus is introduced by non-infectious processes (Maddon et al., 1986). Subsequently, the 

development of humanized mice and rat models have been useful in studying HIV. There 

are several types of humanized rodents including those that are immunodeficient and 

transplanted with human cells or tissue, CD34+ hematopoietic cells, or some combination 

of these (Masse-Ranson et al., 2018).

Also transgenic mice have been created for the HIV virus expression. Transgenic models in 

mice and rats that express HIV proteins such as Nef, Tat, and gp120 are useful to investigate 

the deleterious e� ects of these proteins, but cannot replicate active HIV infection. Each model 

has unique strengths and weaknesses, and use of particular models is dictated by the scienti� c 

question to be examined.

3.2.6.1. THE TG26(HIV) TRANSGENIC MOUSE MODEL

� e non-replicative proviral transgene (Fetser et al., 1989) TgN(pNL43d14)  transgene was 

designed with 7.4-kb proviral human immunode� ciency virus (HIV) DNA construct carrying a 

deletion, encompassing most of the gag and pol genes, to render it non-infectious. � e transgene 

was microinjected into fertilized FVB/NJ oocytes and mice from founder line 26, containing 10-

20 copies of the transgene, were bred to FVB/NJ mice to establish a colony of Tg26(HIV) mice 

(Dickie et al., 1991). � ese mice have been bred to FVB/NJ mice for at least 10 generations. 

� e inframe deletion of gag and pol sequences encompasses the coding sequences for protease, 

reverse transcriptase, and the amino-terminus of p34 endonuclease. � is construct, encodes 

the regulatory gene products Nef and Rev, as well as Vpu, Vpr, Vif, and a pl7/p34 fusion gene 

product (Dickie et al., 1991).

3.3. PULMONARY PATHOLOGY ASSOCIATED WITH SCHISTOSOMA INFECTION

3.3.1. SCHISTOSOMA INFECTION AND DISEASE

Schistosomiasis (bilharziasis) is a disease caused by infection of a parasite of the genus 

Schistosoma of the class of Trematoda of the phylum of Platyhelminthes (� atworms). � e disease 

is transmitted to human by contact with infested water with special fresh water snails, which act 

as intermediary for the life cycle of the parasite. 
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According to the World Health Organization estimates (WHO, 2020) at least 236.6 million 

people required preventive treatment in 2019 (Figure 7).

Figure 7. Estimated number of people (all ages) living with Schistosomiasis. Source: World Health 
Organization 2019.

Preventive treatment, which needs to be repeated over a number of years, reduces and prevents 

morbidity. Highly active Schistosomiasis transmission has been reported from 78 countries. 

However, preventive chemotherapy for schistosomiasis, where people and communities are 

targeted for large-scale treatment, is required in 51 endemic countries with moderate-to-high 

transmission. (WHO 2021) As such, along with malaria, schistosomiasis is one of the most 

important of all human parasitic diseases which high rates of disability, which continues to be a 

global public health concern in the developing world. 

Although � ve species can infect humans, the three most important human schistosomes 

are S. mansoni, S. japonicum, and S. haematobium (Nelwan, 2019). � ey live within either the 

perivascular (S. haematobium) or mesenteric (S. mansoni, S. japonicum, and others) venules. 

Ones arrives in the mesenteric venules, the female starts to release eggs. Schistosomes are 

remarkably fecund: S. mansoni worm pairs can lay >300 eggs per day  (Cheever et al., 1994) 

Schistosomes have a complex life cycle involving both a snail intermediary and a vertebrate 

de� nitive host (Figure 8).
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� e cardinal feature of schistosomiasis is not the mature worm, which has evolved immune 

evasion mechanisms that allow them to remain incognito within the bloodstream (Pearce, 2005), 

but the highly antigenic egg-associated pathology that is central to the morbidity and mortality. 

Eggs that distribute into systemic blood circulation can get trapped, for instance, in the capillary 

beds of the lungs (Cheever et al., 1994). During chronic stages of infection, half to two thirds of 

the eggs deposited in mesenteric venules are swept away in the circulation to multiple organs, 

with the majority ending up in the liver and in the lungs (Cheever et al., 1994). In one histological 

Figure 8. Schistosoma life cycle. Eggs are eliminated with feces or urine (1). Under optimal conditions the 
eggs hatch and release miracidia (2), which swim and penetrate specifi c snail intermediate hosts (3). The 
stages in the snail include 2 generations of sporocysts (4) and the production of cercariae (5). Upon release 
from the snail, the infective cercariae swim, penetrate the skin of the human host (6), and shed their forked 
tail, becoming schistosomulae (7). The schistosomulae migrate through several tissues and stages to their 
residence in the veins (8,9). Adult worms in humans reside in the mesenteric venules in various locations, which 
at times seem to be specifi c for each species (10). For instance, S. japonicum is more frequently found in the 
superior mesenteric veins draining the small intestine [A], and S. mansoni occurs more often in the superior 
mesenteric veins draining the large intestine [B]. However, both species can occupy either location, and they 
are capable of moving between sites, so it is not possible to state unequivocally that one species only occurs in 
one location. S. haematobium most often occurs in the venous plexus of bladder [C], but it can also be found 
in the rectal venules. The females (size 7 to 20 mm; males slightly smaller) deposit eggs in the small venules 
of the portal and perivesical systems. The eggs are moved progressively toward the lumen of the intestine (S. 
mansoni and S. japonicum) and of the bladder and ureters (S. haematobium), and are eliminated with feces or 
urine, respectively (1). Source: United States Department of Health and Human Services.



Introduction 51

autopsy study, 59% of 108 cases had eggs in the lungs, 94% of these being S. haematobium (and 

the remainder mixed S. haematobium and S. mansoni) (Gelfand, 1948). Actually, schistosomiasis 

is the most common parasitic disease associated with PAH. It induces remodelling via complex 

in� ammatory processes, which eventually produce clinical signs and symptoms of PAH that are 

not distinguishable from other forms of the disease (Butrous, 2019).

3.3.2. PULMONARY PATHOLOGY ASSOCIATED WITH SCHISTOSOMIASIS

� e aetiology of pulmonary pathology in acute schistosomiasis is not well understood (Gobbi 

et al., 2020). Although lung symptoms can occur in both acute and chronic schistosomiasis, as 

shown in Figure 9. 

Figure 9. Pulmonary clinical signs in acute and chronic schistosomiasis. Source: Adapted from Front. 
Immunol., 19 April 2021 https://doi.org/10.3389/fi mmu.2021.635513.

One of the main responses to the egg in the lungs is the granulomas formation. Granuloma 

due to chronic schistosoma infection in the lung may cause nearby vascular changes. A� er 

granuloma formation severe intimal, medial, and adventitial hypertrophy and proliferation of 

a plethora of in� ammatory cells occurs in the pulmonary vasculature, which contributes to 

the development of PAH (Kna�  et al., 2020; Shaw & Ghareeb, 1938). Indeed endothelial cell 
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dysfunction, loss of endothelial barrier integrity, aberrant proliferation of endothelial cells 

and � broblasts, thrombi and intimal � brosis (Basile et al., 2011) are some similarities to the 

pulmonary vascular remodelling reported in idiopathic PAH (Good et al., 2015).

3.3.3. GRANULOMA FORMATION IN SCHISTOSOMIASIS

What distinguishes granuloma formation from a chronic in� ammatory aggregate is the 

characteristic organization of mature macrophages into a compact structure. A granuloma is 

de� ned as a compact (organized) collection of mature mononuclear phagocytes, the specialized 

di� erentiation of macrophages into epithelioid cells and giant cells, and the presence of other 

immune cells like lymphocytes and plasma cells (Pagán & Ramakrishnan, 2018).

Depending on the stimulus and/or disease process, the granuloma macrophages then evolve 

to undergo various changes. In schistosomiasis they undergo epithelioid transformation in which 

adjacent cells are linked to each other by tightly interdigitated cell membranes in zipper-like 

arrays (Schwartz & Fallon, 2018). � ey fuse their membranes entirely to form multinucleated 

giant cells (Helming & Gordon, 2008). In schistosomiasis, the granuloma environment is 

dominated by the T helper type 2 (� 2) cytokines IL-4 and IL-13, which are thought to induce 

E-cadherin via STAT6 signalling (Moreno et al., 2007; Van Den Bossche et al., 2009). Granuloma 

macrophages resemble alternatively activated macrophages like those found in schistosome 

granulomas and had a propensity to aggregate in vitro in response to IL-4 (Linke et al., 2017). 

However, it is not clear if this pathway is involved in epithelioid transformation in the tuberculous 

granuloma, which does not have a strong � 2 bias (Cooper, 2009). As granulomas mature, they 

may undergo structural changes, such as becoming � brotic, which contributes to morbidity 

by causing tissue damage. Fibroblasts synthesize extracellular matrix components primarily in 

response to the cytokines TGF-β1 or IL-4/IL-13, with other cytokines feeding into the TGF-β1 

pathway: IL-1β, IL-17A, IFN-γ, and possibly TNF (Mi et al., 2011; Wilson et al., 2010; Wynn 

& Vannella, 2016). Each of these cytokines can be produced by individual constituent cells of 

granulomas: monocytes; resident macrophages; atypical monocytes morphologically resembling 

granulocytes; CD4+, CD8+, and γδ T cells; innate lymphocytes; and eosinophils (Satoh et al., 

2017; Wilson et al., 2010). Fibrosis can be bene� cial, e.g., by sequestering parasite eggs and 

larvae. But in many granulomas, � brosis is pathological, o� en leading to severe morbidity and 

� brosis resulting from dysregulated in� ammation leading to fatal organ failure (Eming et al., 

2017) (Figure 10). 
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Figure 10. Granuloma formation induced by schistosome eggs. Source: adapted from Pagán, AJ and 
Ramakrishnan, L. Annual Review of Immunology 2018.

3.3.4. PULMONARY IMMUNE FUNCTION IN SCHISTOSOMIASIS

Most of the lung pathology that occurs in Schistosoma infection is associated with granuloma 

formation and the in� ammation that ensues, eventually leading to � brosis induced by the 

parasite eggs in the tissue.

� e in� ammatory response that occurs in schistosomiasis is caused � rst by the recognition 

of the parasites in the lung and systemically, and then by the in� ammatory response associated 

with the eggs and their antigenic recognition. During the initial stages of infection, mice 

display a balanced or � 1-type immune response to parasite antigens. However, once egg 
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deposition begins around 6 weeks of infection, a dramatic shi�  to a � 2-type response ensues 

(Colley & Secor, 2014).

First, occurs the parasite-associated in� ammatory response, which is characterised as a 

Type I response. � is Type I response it is characterize by increase of IL-1, IFN-γ and IL-12. 

� e IFN-γ level is elevated a� er Schistosoma infection in Schistosoma-infected patients at 

early stages (Mutapi et al., 2007) which is also correlated in acute mice models of Schistosome 

infection (R. A. Wilson & Coulson, 2009). IL-1, a pro� brotic cytokine secreted by monocytes 

and macrophages, it is also released in the early stages of Schistosoma infection (El Ridi et al., 

2006). A� er, speci� c schistosome egg antigens interacting with dendritic cells are responsible for 

this immunologic shi�  to Type 2 response, partially through the action of certain carbohydrate 

epitopes (Everts et al., 2012). Transition to the � 2 response occurs approximately 8 weeks post-

transfection, and is characterized by secretion of IL-4, IL-13 (Dessein et al., 2004; Fallon et al., 

2000; Pearce et al., 1996; Wilson et al., 2007). Finally, � brosis and granuloma formation cause 

the ultimate lung damage.

3.4. HIV AND SCHISTOSOMA CO-INFECTION

HIV and schistosomiasis are two of the most widespread infections worldwide; nonetheless, 

their combined e� ect has not been fully delineated (Bustinduy et al., 2014). Actually, 

schistosomiasis appears to be a cofactor in the spread and progression of HIV/AIDS in areas 

wherein both diseases are endemic (Secor, 2012). 

� ere are approximately 200 million schistosome-infected individuals living in African 

countries with generalized HIV-1 epidemics, and HIV and Schistosoma co-infection is estimated 

in 6 million individuals only in Africa with no global estimates worldwide (Joint United Nations 

Programme on HIV/AIDS (UNAIDS), 2019; Nde� o Mbah et al., 2016). � erefore, Butrous in 

2015 mentioned for the � rst time that the coinfection by Schistosoma and HIV is a plausible 

circumstance that would allow for severe and rapidly progressive pulmonary hypertension 

(Butrous, 2015). In line with this, the requirement for a “second hit” (hypoxia, cocaine or 

morphine) for HIV-associated PAH has been demonstrated in previous experimental studies 

(Agarwal et al., 2020; Dhillon et al., 2011; Porter et al., 2013). In addition, schistosomiasis is 

associated with incident HIV transmission and death in Zambia (Wall et al., 2018) and more 

death associated with vascular disease is found in patients co-infected in Uganda (Dam et 

al.,2016); although generalized ART treatment and parasite praziquantel are widely distributed 
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in those populations. � erefore, the present study was designed to de� ne the e� ects of HIV and 

Schistosoma co-exposure on the development of vascular pathology that have not been studied 

to our knowledge yet. 

In fact, climate change, the current mobility of people around the world and the evolution of 

nature itself is leading to the emergence of new types of infections, caused by viruses, parasites 

and other previously unknown pathogens. In the coronavirus pandemic that occurred during 

the development of this doctoral thesis, previous knowledge in techniques and basic science 

have been key to its mitigation. � e study of basic science and of the mechanisms that lead 

to some of the known diseases, may be key in the future for the study of new infections and 

pandemics, that could save many lives and be important health drivers. � e basic science study 

of this work on HIV and Schistosoma co-infection and pulmonary involvement can hopefully 

contribute to improving the quality of life of millions of people a� ected by it, or in the future, be 

a small grain of knowledge for the development of science.
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HIV and Schistosoma infections have been individually associated with pulmonary vascular 

disease. However, to date, no clinical or experimental studies have assessed the e� ect of co-

exposure to HIV and Schistosoma on the pulmonary vasculature. Since both Schistosoma and 

HIV are main triggers of vascular pathology, it could be hypothesized that combined exposure 

to HIV and Schistosoma would allow for severe and rapidly pulmonary vascular disease 

progression; and that such exacerbation of pathology might be revealed in a non-infectious 

mouse model for HIV and Schistosoma co-exposure.

Rat ionale  & Hypothes is

Rationale & Hypothesis
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GENERAL AIM

To determine the impact of combined exposure to HIV and Schistosoma in pulmonary 

vascular pathophysiology by using a novel mouse model of co-exposure.

SPECIFIC AIMS

Comparative analysis of the e� ects of individual or combined exposure to HIV and Schistosoma 

on the pulmonary vasculature, with regard to vascular remodelling and dysfunction and their 

association with pulmonary hypertension; and characterization of the pulmonary immune 

landscape and its involvement in the development of vascular disease.

Object ives

Objectives
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6.1. ANIMALS

All experimental procedures utilizing animals were carried out according to the Spanish 

Royal Decree 1201/2005 and 53/2013 on the Care and Use of Laboratory Animals and approved 

by the institutional Ethical Committees of the Universidad Complutense de Madrid (Madrid, 

Spain) and the regional Committee for Laboratory Animals Welfare (Comunidad de Madrid, 

Ref. number PROEXO-003/18). Animal studies are reported in compliance with the ARRIVE 

guidelines (Kilkenny et al., 2010). Age matched (9-10 weeks) male FVB/NJ (Wt) and HIV-1 

(HIV) transgenic mice on the FVB/NJ background (FVB/N-Tg(HIV)26Aln/PkltJ; Tg26) from 

the Jackson Laboratory (USA) were provided by Charles River (France). � is HIV-1 Tg26 mice 

model express a transgene containing a portion of the HIV genome, including Env and Tat, 

Nef, Rev, Vif, Vpr, and Vpu accessory genes but lacking part of the Gag-Pol region, rendering 

the virus non-infectious (Dickie et al., 1991). Animals were kept under standard conditions of 

temperature 22±1°C and 12:12 hour dark/light cycle with free access to food and water. 

6.2. TREATMENT WITH SCHISTOSOMA EGGS

Mice were randomly assigned to four groups: Wt, parasite egg-treated Wt (Wt+Schisto), HIV 

and egg-treated HIV (HIV+Schisto). Schistosoma mansoni eggs were isolated from homogenized 

and puri� ed livers of Swiss-Webster mice infected with cercariae, provided by the Biomedical 

Research Institute (Rockville, MD). Eggs were then inactivated by freezing (-60 to -80°C) and 

stored at -80°C until used. To induce pulmonary vascular disease, we used an experimental 

model previously reported (Graham et al., 2013; Joyce et al., 2012; Kumar et al., 2015, 2019). 

In brief, mice were intraperitoneally sensitized to 240 Schistosoma mansoni eggs/gram body 

Mater ia ls  &  Methods

Materials & methods
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weight, and then intravenously challenged two weeks later with 175 Schistosoma mansoni eggs/

gram body weight. Animals were analyzed seven days a� er intravenous egg administration 

(Figure 16). Control mice were unexposed to S. mansoni eggs but received the same volume of 

1.2% sodium chloride used as vehicle. Experiments were performed in a coded format, with the 

investigators lacking knowledge of the speci� c experimental group. 

6.3. SCHISTOSOME OVA TISSUE COUNTING

� e number of S. mansoni eggs present in the mouse lung tissue was determined a� er 

digestion of a piece of right lung lobe with shaking in 4% potassium hydroxide for 18 hours at 

33°C. � e number of eggs present in aliquots of the digest was counted three times, as previously 

described (Graham et al., 2010).

 

� e protocol had been optimized for mouse lung frozen tissue (stored at -80°C): Addition of 

approx. 10-15mg of tissue sample to 4% KOH (diluted in ddH2O) was performed. An amount 

of 25µL KOH/mg tissue was placed in 1.5ml Eppendorf tube and later incubated with shaking 

(speed 120rpm) for 18 hours at 33°C. A� er the samples were moved to a 4 degree chamber to 

slow further digestion, or -80 degrees for longer term storage. � e samples were vortex and 

placed in 25µL aliquots onto slides and count directly using microscope. � e number of eggs 

were counted 3-5 times per sample and mean was calculated. If individual count variated by 

>10% from the mean, additional aliquots were taken. � e mean was multiplied by the volume 

ratio (total KOH volume / 25µL) to get the total number of eggs. Finally, total number of eggs 

was divided by total mg tissue.

6.4. ASSESSMENT OF COLLAGEN DEPOSITION

Collagen deposition in the lung was measured by Sirius red staining. Para
  n-embedded lung 

sections were preheated at 63°C for 30 min. Para
  n was removed with xylene followed by serial 

rehydration with decreasing percentages of ethanol and washed for 2 minutes in distilled water. 

� e sections were placed in picrosirius red (Sigma) solution for 60 minutes and in acidi� ed 

water (acetic acid in distilled water) for 4 minutes, followed by two washes � rst in ethanol 

and then in xylene. Finally, the slides were mounted with ProLong™ Gold Antifade Mountant 

(Life Technologies). Quanti� cation of the percent vascular area fraction positive for Sirius red 

staining was performed with ImageJ.
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6.5. LUNG HISTOLOGY

� e right lung was washed with saline solution followed by 4% paraformaldehyde infusion 

through the right bronchus and embedded in para
  n. All sections were cut at 5 μm and were 

stained with hematoxylin and eosin and examined by light microscopy. For quanti� cation 

of pulmonary vascular remodeling, PA (25–250 µm outer diameter; OD) were analyzed in a 

blinded fashion and categorized as muscular, partially muscular or non-muscular. � e medial 

wall thickness was examined by light microscopy, and elastin was visualized by its green 

auto� uorescence. For vessel occlusion analysis all small pulmonary vessels per cross section 

of the right lobe were evaluated and classi� ed according the evidence of luminal occlusion. 

Around 500 representative vessels within a range of diameters from 20 to 70 μm were measured 

per sample. Peri‐egg granulomas size were determined in histological sections stained with 

hematoxylin and eosin containing a single visible egg using NDP view2 so� ware.

6.6. IMMUNOHISTOCHEMICAL ANALYSIS

Para
  n sections of 3-μm thickness were stained with antibodies to α smooth muscle actin 

(α-SMA) (dilution 1:900, clone 1A4, Sigma, St. Louis, MO, USA), von Willebrand factor (vWF) 

(dilution 1:900, Dako, Hamburg, Germany) and proliferating cell nuclear antigen (PCNA) 

(dilution 1:200, sc-56, Santa Cruz Biotechnology, Inc.). Automated quanti� cation of PCNA 

immunopositive labelling was performed using QuPath (Bankhead et al., 2017). � e so� ware 

was trained to recognize PCNA-stained nuclei and positive labelled cells using positive cell and 

subcellular detection modules. � e number of cells with PCNA-positively labelling per μm2, 

and the percentage of cells detected with PCNA immunolabeling were recorded and compared 

between all groups.

6.7. CLASSIFICATION OF OCCLUDING LESIONS

Small arteries with an outer diameter (OD) < 100μm were analyzed and the type of vessel 

occlusion were determined according to the pattern of von-Willebrand Factor (vWF) staining. 

Brie� y, non-plexiform-like lesions presented vWF-positive (endothelial) cells as a concentric 

rim of cells in the inner layer, while plexiform-like lesions showed a complex/disorganized 

luminal occlusion (Toba et al., 2014). 
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6.8. RECORDING OF PULMONARY ARTERIAL VASODILATION

Resistance PA were carefully dissected free of surrounding tissue, cut into rings (1.8-2 mm 

length) and placed in a sterile plate containing serum-free DMEM for 20 h. A� er that, PA rings were 

mounted in a wire myograph with Krebs bu� er solution maintained at 37 °C and bubbled with 21% 

O2, 74% N2 and 5% CO2 (Mondejar-Parreño et al., 2018). Vessels were stretched to give an equivalent 

transmural pressure of 20 mmHg. Preparations were firstly stimulated by raising the K+ concentration 

of the bu� er (to 80x10-3 M) in exchange for Na+. Vessels were washed three times and allowed to 

recover before a new stimulation. � e relaxant e� ects induced by acetylcholine (ACh, 10-9-10-5 M, 

and endothelial-dependent vasodilator) or sodium nitroprusside (SNP, 10-11-10-5 M, an endothelial 

independent vasodilator) were examined in arteries stimulated with serotonin (5-HT, 10-5 M).

6.9. HEMODYNAMIC MEASUREMENTS 

One week a� er intravenous administration of S. mansoni eggs, mice were anesthetized i.p. 

with a mixture of 80 mg/kg ketamine (Mearial Lyon, France) plus 8 mg/kg xylazine (KVP 

Pharma und Veteriär-Produkte GmbH, Kiel, Germany). Before initiation of surgical procedure, 

general anesthesia was con� rmed by assessing the absence of response to any stimulus. � en, 

animals were placed in a supine position on a thermostatically controlled electric heating blanket 

(Homeothemic Blanket Control Unit, Harvard Apparatus, March-Hugstetten, Germany) to 

maintain body temperature at 38°C. � e tracheostomy was performed by a ventral neck incision 

followed by insertion of a 1.3-mm outer diameter tracheotomy cannula in the trachea. Animals 

were ventilated with room air (tidal volume 9 mL/Kg, 100 breaths/min, and a positive end-

expiratory pressure of 2 cm H2O) with a rodent ventilator (MiniVent Type 845, Harvard Apparatus, 

USA). A� er sternotomy, right ventricular systolic pressure (RVSP), and systolic, diastolic and 

mean PAP (sPAP, dPAP and mPAP) were measured in open-chest mice as previously reported 

(Mondejar-Parreño et al., 2018). Measurements were recorded with a pressure transducer via a 

0.7-mm internal diameter catheter (24 GA, BD Insyte, USA) introduced in the right ventricle 

and then advanced to the main PA. � erea� er, animals were sacri� ced by exsanguination in the 

continuous presence of anesthesia and organs were harvested for analysis.

6.10. CARDIAC REMODELING

 

At the end of the recordings, hearts were excised and the right ventricle (RV) and the le�  

ventricle plus septum (LV+S) were carefully dissected and weighed. � e Fulton index [RV/
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(LV+S)] and the ratio RV/body weight (BW) were calculated to assess right ventricular 

hypertrophy (Mondejar-Parreño et al., 2018).

6.11. IMMUNOFLUORESCENCE IN TISSUE SECTIONS

Immunostaining was performed on para
  n‐embedded tissue. � e para
  n blocks were 

sliced into 3‐μM thick sections, depara
  nized with xylene (Fisher Scienti� c) for 10 minutes 

three times, and rehydrated with decreasing concentrations of ethanol in water 100% to 70% 

5 minutes each. Antigen retrieval was performed incubating the slides for 20 minutes in the 

hot (95  0C) citrate bu� er pH 6.0 (� ermo� sher, Ref 005000) in a cooker, and 10 minutes of 

cooling at room temperature. � e sections were then washed with phosphate‐bu� ered saline 

(PBS) (Fisher Scienti� c) for 10 min. Blocking solution of BSA 5% was incubated in the sections 

1 hour at RT. Primary antibodies were applied for overnight at 4ºC temperature in a humidi� ed 

chamber. � e day a� er, the slides were raised in PBS, and incubated with the right secondary 

antibody for 1 hour at room temperature. For triple and quadruple staining, the same protocol 

was repeated for primary and secondary antibody on consecutive days. A� er washing with 

PBS for 10 minutes, the slides were incubated with DAPI (� ermo Scienti� c, Ref 62248) for 10 

minutes. A� er washing with PBS for � ve minutes the sections were mounted by cover‐slipped 

using a water‐based mounting medium (Fisher Scienti� c). See Table 1&2 for primary and 

secondary antibodies.

Antibody Reactivity Host Source Reference
α-sma FITC mouse mouse Sigma-Aldrich F3777
CD19 mouse rabbit Abcam ab245235
CD3(17A2) mouse goat Abcam ab16669
CD3(17A2) mouse rat RD Systems MAB4841
CD45 mouse rabbit Sigma SAB4502541-100U6
CD45 mouse rat Novus NB10077417SS
F4/80 mouse rabbit Cell Signalling 70076s
IFNg mouse goat RD Systems AF585NA
IL13 mouse goat RD Systems AF413NA
IL17 mouse rabbit Abcam ab79056
IL4 mouse rat Novus NB10064798
IL6 mouse rabbit Abcam ab208113
NEF (HIV) HIV mouse Abcam ab42358
TCRδ(GL7) mouse hamster Invitrogen 14571182

Table 1. Primary antibodies for immunofl uorescence assays.
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6.12. ISOLATION OF LUNG LEUKOCYTES 

A� er measuring PAP, mouse lungs were perfused by right ventricle administration of PBS and 

digested for � ow cytometry analysis. Le�  lobes were � nely chopped into small pieces and placed in 

1mg/ml of Liberase TM (Sigma) dissolved in RPMI. � e digested samples were incubated at 37ºC 

for 30 minutes. Subsequently 100µl of EDTA was added to stop the reaction. A� er 2 minutes 1 ml 

of RPMI was added and the tissue was disrupted by vigorous pipetting using a 1ml pasture pipet. 

� e cell suspension was � ltered using a 40 µm cell strainer (Corning®), followed by centrifugation 

for 10 minutes at 300g. � e supernatant was removed and the cells were resuspended into 1 ml red 

blood cell lysis bu� er (ACK lysing bu� erGibco®/Life technologies®) 10 minutes for red blood cells 

lysis followed by adding 14ml of RPMI. Next, the suspension was centrifuged again at 300g for 

10 minutes and the pellet resuspended in RPMI. Cell counting was performed using a Neubauer 

chamber a� er staining with trypan blue to exclude dead cells (Figure 11). 

Antibody Conjugation Source
Donkey Anti-Goat Alexa Fluor 594 Invitrogen
Goat Anti-Rabbit Alexa Fluor 555 Invitrogen
Goat Anti-Hamster Alexa Fluor 647 Abcam
Goat Anti-Mouse Alexa Fluor 555 Abcam
Goat Anti-Rat Alexa Fluor 594 Invitrogen

Table 2. Secondary antibodies for immunofl uorescence assays.

Figure 11. Isolation of lung leukocytes.

6.13. CELL STAINING FOR FLOW CYTOMETRY

For � ow cytometry analysis, cells were resuspended in FACS bu� er (PBS containing 5% 

bovine serum albumin, 0.1 % sodium azide). � e samples were distributed into 5^5 cells/100µl 

of � ow wash bu� er. Following blocking of Fc receptors with anti-CD16/CD32 antibodies (BD 
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Pharmingen), and the cells were initially stained extracellularly for extracellular leukocyte 

markers using � uorochrome conjugated antibodies in a concentration of 1µg/ml. � e 

samples were incubated at 4°C in the dark for 30 minutes. � e cells were then centrifuged, the 

supernatant discarded and the cells were � xed using a 1% BD Cell Fix (BD Biosciences). For 

intracellular staining, cells were treated with a � nal concentration of 0.5% cyto� x/cytoperm and 

stained intracellularly for intracellular markers using � uorochrome conjugated antibodies at a 

concentration of 2µg/ml and incubated at 4°C in the dark for 30 minutes. � e cells were then 

washed and ready for analysis. See table 3 for antibody details. Data were acquired with a BD 

FACSCalibur � ow cytometer and analyzed using FlowJo so� ware (BD Biosciences).

Antibody Clone Source
CCR6 29-2L17 BioLegend
CD11b M1/70 E-BioScience
CD11c HL3 BD Pharmingen
CD19 ID3 E-BioScience
CD25 2A3 BD Pharmingen
CD27 L67F9 E-BioScience
CD3e 145-2C11 BD Pharmingen
CD4 GK1.5 E-BioScience
CD45 30-F11 E-BioScience
CD64 X54.5/7.1 BD Pharmingen
CD8 H35-17.2 E-BioScience
F4/80 T452342 BD Pharmingen
FOXP3 NRRF30 E-BioScience
IFN-γ XMG1.2 BD Pharmingen
IL-13 Ebio13A E-BioScience
IL-17 Ebio17B7 E-BioScience
IL-4 BVD4-1D11 BD Pharmingen
Ly6C/Ly6G RB68C5 BD Pharmingen
MHCII M5/114.15.2 BD Pharmingen
NK1.1 PK136 BD Pharmingen
TCRβ H57597 BD Pharmingen
TCRδ GL3 BD Pharmingen

Table 3. Primary antibodies for cytometry.

6.14. IMMUNOPHENOTYPING OF PULMONARY LEUKOCYTE SUBSETS

� e immunophenotype of pulmonary leukocyte subsets was analyzed by � ow cytometry 

using the gating strategies depicted in Figure 12 and Figure 13 (adapted from Yu et al, 2016).
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Figure 12. Flow cytometry gating strategy for identifi cation of pulmonary lymphoid cells. The starting 
population in the FSC (forward scatter) versus SSC (side scatter) plot were viable leukocytes, as determined in 
independent 7-AAD/CD45 staining.

Figure 13. Flow cytometry gating strategy for identifi cation of pulmonary myeloid cells. iMonocyte: 
infl ammatory monocyte; pMonocyte: patrolling monocyte; NPs: neutrophil; Eos: eosinophil; DC: dendritic cell; 
AM: alveolar macrophage; IM: interstitial macrophage. The starting population in the FSC (forward scatter) 
versus SSC (side scatter) plot were viable leukocytes, as determined in independent 7-AAD/CD45 staining.
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6.15. ANALYSIS OF CYTOKINE EXPRESSION IN PULMONARY LEUKOCYTES

Cytokine expression in distinct subsets of pulmonary leukocytes was analyzed by � ow 

cytometry according to the gating strategy depicted in Figure 14 and Figure 15 for T cells and 

myeloid cells, respectively.

Figure 14. Flow cytometry gating strategy for identifi cation of cytokine-expressing T cells in the lung. 

Figure 15. Flow cytometry gating strategy for identifi cation of cytokine-expressing myeloid cells in the lung.
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6.16. REAGENTS

Drugs and reagents were obtained from Sigma-Aldrich Quimica (Spain). Drugs were 

dissolved in distilled water.

6.17. STATISTICAL ANALYSIS

Data are expressed as mean ± SEM.; n indicates the number of experiments from di� erent 

animals unless otherwise stated. Statistical analysis was performed using a Student’s t test and 

one-way ANOVA (for normally distributed data) followed by Tukey post hoc test. Two-way 

ANOVA and the Bonferroni multiple comparison test was used to compare dose–response 

curves. When more than one sample came from the same animal, the nested ANOVA was 

applied. Di� erences were considered statistically signi� cant when P value was less than 0.05. 
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7.1. A MOUSE MODEL OF HIV AND SCHISTOSOMA CO-EXPOSURE AND ITS IMPACT ON 

PULMONARY VASCULAR PATHOPHYSIOLOGY

� e e� ects of HIV and Schistosoma co-exposure on the pulmonary vasculature and its impact 

on the development of pulmonary vascular disease are largely unknown. We have approached 

these questions in a novel non-infectious model of combined exposure to HIV and Schistosoma. 

To model exposure to Schistosoma, inactivated S. mansoni eggs were used for lung 

embolization in previously sensitized HIV mice or Wt counterparts as controls, according to 

the experimental design depicted in Figure 16.

Resul ts

Figure 16. Outline of administration of S. mansoni eggs and mouse analysis.

To model HIV exposure, HIV-1 (Tg26) transgenic mice (herea� er referred to as “HIV mice”) 

were used. � is transgenic line harbours a replication-de� cient HIV-1 pro-viral genome encoding 
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Env and Tat, Nef, Rev, Vif, Vpr, and Vpu accessory genes but lacking part of the Gag-Pol region, 

rendering the virus non-infectious. Viral transcripts are expressed at low levels in immune cells 

such as monocytes, macrophages and lymphocytes. HIV-1 transgene expression is detectable in 

di� erent tissues, including the lung, as shown for the viral protein Nef in Figure 17, A.

To our knowledge, this is the � rst time that such a model of HIV-1 and Schistosoma co-

exposure is used for the speci� c analysis of pulmonary vascular pathology.

Figure 17. Expression of the HIV-1 NEF protein in the lung of HIV mice. (A) Representative examples of 
IFM analysis of NEF expression in the pulmonary parenchyma of Wt and HIV mice. (B) NEF expression around 
pulmonary vessels in HIV mice untreated or treated with schistosome eggs. Vessels are marked with a dotted 
line. CD45 staining was used to identify leukocytes and DAPI to stain cell nuclei.
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7.2. LETHALITY ASSOCIATED TO THE HIV/SCHISTOSOMA CO-EXPOSURE MODEL

Wt and HIV mice were randomly assigned to either saline or S. mansoni egg administration. As 

shown in Figure 18, all Wt mice treated with saline survived until the end of the study. One egg-

treated Wt mouse died between IP and IV egg administration, and thus total survival rate was 97%. 

With regard to HIV mice, in the saline group, one animal died a� er IP administration and another 

three a� er IV administration, so that total survival rate was 85%. In the egg-treated group, from 50 

animals that started the assay, eight died a� er IP injection and another nine a� er IV administration; 

so that total survival rate was 66%. � ese data show that schistosome egg administration neither 

in Wt nor in HIV mice (with 3% and 15% mortality rates, respectively) produces a mortality rate 

beyond 15%. In contrast, egg-treated HIV mice displayed a very high mortality rate, which reached 

almost 40% of the animals. � e causes of this heightened mortality in co-exposed mice are unknown. 

Figure 18. Mortality rate and Kaplan-Meier analysis of survival in Wt and HIV mice exposed or not to 
schistosoma eggs.



Results82

7.3. GRANULOMA: FORMATION AND FIBROSIS

Formation of peri-egg granulomas is typical feature of the immune response induced by 

Schistosoma eggs trapped in the pulmonary vasculature (Graham et al., 2010; Joyce et al., 2012). 

Figure 19. Reduced granuloma size and increased egg burden in HIV mice after Schistosoma egg exposure. 
(A) Left: representative images showing lung granulomas (solid arrowheads) in hematoxylin-and-eosin-stained 
lung sections from Wt and HIV mice exposed to Schistosoma eggs. Right: magnifi cation of representative images 
of an intraparenchyma peri-egg granuloma. (B) Number of granulomas per lung section (n=22-23 mice), (C) 
granuloma area (126 and 134 granulomas analyzed from n=22-23 mice, respectively) and (D) number of eggs 
recovered from lung digests in Wt (n=15) and HIV (n=19) mice exposed to Schistosoma eggs. Results are shown 
as mean ± SEM. *P<0.05 and **P<0.01 (Student’s unpaired t-test).
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Embolization of Schistosoma eggs led to the formation of peri-egg granulomas in the lung 

of Wt and HIV mice, which displayed a similar gross appearance in both mice (Figure 19, A). 

� e number of granulomas was also comparable between Wt and HIV mice (Figure 19, B) but, 

interestingly, granuloma size was signi� cantly smaller in the latter (Figure 19, C). Moreover, 

granulomas in HIV mice showed an impaired capability for egg clearance, as indicated by 

signi� cantly higher residual egg burden observed in these mice compared to Wt counterparts 

(Figure 19, D).

Figure 20. Exacerbated fi brosis in lung granuloma from HIV mice exposed to Schistosoma eggs. (A) 
Representative pulmonary granulomas of Wt (1) and HIV (2) mice exposed to Schistosoma eggs. (B) Collagen 
deposition assessed by Sirius Red staining in the granulomas indicated in A. (C) Quantifi cation of Sirius Red 
staining. Mice and granulomas analyzed per group were: Wt+Schisto (5; 46) and HIV+Schisto (5; 51). Results are 
expressed as mean ± SEM. ****P<0.0001 as determined by Student’s t-test.  
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To analyse the impact of Schistosoma exposure on granuloma � brosis in Wt and HIV mice, 

collagen deposition was assessed by Sirius red (SR) staining (Figure 20, A&B). Quanti� cation 

of SR staining revealed that granulomas in HIV mice had a signi� cantly higher degree of � brosis 

compared to Wt animals (Figure 20, C). Also, collagen � bres appeared much more disorganized 

and located in the middle of the granuloma in egg-treated HIV mice. � ese data suggest that a 

more rapid and intense � brosis occurs in co-exposed mice. 

Collectively, these results suggest that maturation of schistosoma-induced granulomas is 

a� ected in HIV mice.

7.4. PULMONARY VASCULAR REMODELLING

7.4.1. VASCULAR MUSCULARIZATION

To determine the e� ect of individual or combined exposure to HIV and Schistosoma eggs 

on pulmonary vascular remodelling, we analysed hematoxylin/eosin stained lung sections from 

untreated and egg-treated Wt and HIV mice (Figure 21, A). 

Figure 21. Schistosoma egg exposure induces a similar degree of vascular medial wall remodeling in Wt 
and HIV mice. (A) Representative hematoxylin-eosin staining of paraffi  n-embedded lung sections from Wt and 
HIV mice exposed or unexposed to Schistosoma (Solid arrowheads mark pulmonary arteries) (B) Percentage 
of muscular (black), partially muscular (grey), and non-muscular (white) vessels (n=16-23 mice per group). * 
and *** indicate P<0.05 and P<0.001, respectively vs Wt; ## and ### indicate P<0.01 and P<0.001 vs HIV, 
respectively. (C) Medial wall thickness of PA between 250 and 50 μm (left panel) and < 50 μm (n=8-13 mice). 
**P<0.01 and ***P<0.001. Results are shown as mean ± SEM. One-way ANOVA analysis followed by Tukey post 
hoc test was applied.
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Small PA were classi� ed in a blinded fashion as muscular, partially muscular and non-muscular 

arteries. We found a modest vascular remodelling in HIV respect to Wt mice suggested by an increased 

percentage of partially muscular PA and a decreased percentage of non-muscular PA (Figure 21, B).

� ese observations are in line with a previous study comparing Wt and HIV mice (Mondejar-

Parreño et al., 2018). Administration of Schistosoma eggs in Wt mice led to a clear vascular remodelling 

indicated by a much higher percentage of muscular PA and a lower percentage of non-muscular PA. A 

similar pattern of PA muscularization was observed in egg-exposed HIV mice. Quanti� cation of the 

vascular remodelling in PA (250-50 μm) showed a comparable increase in the medial wall thickness 

in egg-exposed Wt and HIV mice, compared respectively to untreated counterparts (Figure 21, C, 

le�  panel), with this enhancement being not signi� cantly di� erent between egg-treated mice. A 

similar � nding was observed in smaller (<50 μm) PA (Figure 21, C, right panel). 

7.4.2. ENDOTHELIAL CELL PROLIFERATION

Next, we assessed the cellular proliferation in the lung by immunohistochemical staining 

for the proliferating cell nuclear antigen (PCNA) marker (Figure 22). Histological examination 

of lung sections demonstrated enhanced PCNA staining in egg-treated compared to untreated 

mice (Figure 22, A). Speci� c quanti� cation of PCNA positive cells within the vessels area showed 

a signi� cant increase in animals exposed to Schistosoma eggs (Figure 22, B). Of note, egg-

exposed HIV mice exhibited signi� cantly higher frequencies of proliferating cells compared to 

all other groups. Moreover, in stained lung sections from egg-treated animals, occluded vessels 

were strongly positive not only for PCNA expression (Figure 22, C) but also for the endothelial 

cell marker von Willebrand Factor (vWF) (Figure 22, D). Noticeably, these endothelial cells 

did not form a monolayer, as expected in healthy vessels, but piled up to � ll the vascular lumen, 

suggesting the involvement of endothelial cell proliferation in vessel obliteration.

7.4.3. VESSEL OCCLUSION: PLEXIFORM-LIKE LESSIONS

Analysis of fully closed vessels revealed that none of the untreated Wt or HIV mice showed 

lumen occlusion of pulmonary vessels. In contrast, occluded vessels were observed in mice exposed 

to Schistosoma eggs (Figure 23A, le�  images). Notably, 9 out of the 19 egg-exposed Wt animals 

(47%) displayed at least one occluded vessel, while this was observed in 14 out of 20 (70%) in the 

egg-exposed HIV group (Figure 23A, middle panel). Indeed, the percentage of occluded vessels 

was double in egg-treated HIV mice compared to Wt counterparts (Figure 23, right panel).
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Figure 22. Enhanced pulmonary endothelial proliferation in HIV mice exposed to Schistosoma eggs. (A) 
Representative images of proliferating cell nuclear antigen (PCNA) in lung sections and amplifi ed vessels from 
Wt and HIV mice exposed and unexposed to Schistosoma eggs. (B) Quantifi cation of the PCNA positive cells 
within the vessels area (n=25-28 from 5 mice in each group). (C) Representative images of PCNA staining in 
occluded lesions (solid arrowheads point to representative PCNA+ cells). (D) Representative images of occluded 
lesions where cellular identity was visualized by antibodies against α-smooth muscle actin (purple/violet color) 
and von-Willebrand factor (vWF, brown color) in Wt (upper panel) and HIV (lower panel) mice exposed to 
Schistosoma eggs. Results are expressed as mean ± SEM. *P<0.05 and ***P<0.001 (one-way ANOVA analysis 
followed by Tukey post hoc test).
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Figure 23. Increased vessel obliteration and plexiform-like lesions in HIV mice exposed to parasite eggs. 
(A) Representative photomicrographs of hematoxylin and eosin stained occluded vessels (Solid arrowheads) 
(left panels). Frequencies of animals with occluded vessels (middle panel) and percentage of occluded vessels 
(right panel) (n= 19 mice per group). (B) Representative cross-sectional views of α-smooth muscle actin 
(purple/violet color) and von-Willebrand factor (vWF, brown color) staining of plexiform-like (upper panels) 
and non-plexiform-like type (bottom panels) of occluded vessels of size between 50 and 100 µm and < 50 µm 
(magnifi cation 40x; scale bar 50 µm). (C) Percentage of severe occluded vessels of outer diameter (OD) < 100 
µm (left panel) and < 50 µm (right panel). Results are expressed as mean ± SEM. *P<0.05 and **P<0.01 versus 
Wt+Schisto determined by unpaired Student’s t test.
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Next, we studied the type of intimal remodelling in these occluding lesions as described 

in Material and Methods. Non-plexiform and plexiform-like lesions were observed in small 

pulmonary vessels from both egg-exposed Wt and HIV mice (representative images in 

Figure 23, B). However, egg-treated HIV mice developed severe occlusive lesions with a 

plexiform-like phenotype more frequently compared to Wt counterparts (Figure 23, C), in 

vessels in the range of OD < 100 μm and OD < 50 μm. Taken together, these results suggest 

that co-exposure to HIV and Schistosoma exacerbates endothelial cell proliferation and 

formation of plexiform-like lesions associated with faster and enhanced occlusion of small 

pulmonary vessels. 

7.4.4. VASCULAR FIBROSIS

To analyze the impact of individual or combined HIV and Schistosoma exposure on the 

pulmonary vasculature, we started by assessing perivascular collagen deposition by Sirius red 

staining, as shown by representative images in Figure 24, A. Quanti� cation of Sirius red staining 

(Figure 24, B) revealed that pulmonary vessels from HIV mice had a signi� cantly higher degree 

of � brosis compared to Wt animals. Administration of parasite eggs resulted in augmented 

collagen deposition in vessels from both mice, although of a greater magnitude in HIV mice. 

Noticeably, pulmonary vessels from untreated HIV mice demonstrated levels of � brosis 

similar to those in egg-treated Wt counterparts. � ese � ndings suggest that HIV mice have an 

intrinsic tendency to develop pulmonary vascular � brosis, which could be further enhanced by 

schistosome eggs trapped in the lung vasculature.

7.5. PULMONARY ARTERIAL PRESSURE (PAP)

Because HIV- and schistosomiasis-induced lung vascular remodelling are associated with 

an elevation of PAP and pulmonary vascular resistance, we analysed the impact of individual 

and combined HIV and Schistosoma exposure on pulmonary hemodynamic via right heart 

catheterization (Figure 25, A-D). Untreated Wt and HIV mice had similar RVSP, systolic, 

diastolic and mean PAP. Egg-treated mice showed a general tendency to higher values of 

these hemodynamic parameters, with the di� erences being signi� cant for diastolic and mean 

PAP in egg-treated HIV mice compared to untreated ones. Noticeably, egg-treated HIV mice 

demonstrated the highest values for all the hemodynamic parameters analysed.
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Figure 24. HIV mice show augmented pulmonary perivascular fi brosis with marked exacerbation after 
exposure to schistosome eggs. (A) Representative images of pulmonary vessels stained with Sirius red 
(left). Stained vessel areas are shown pseudo-colored in bright red (right). (B) Quantifi cation of Sirius red 
staining as percent Sirius red-positive area fraction (as shown in A, right) in the vessel area analyzed. Mice 
and vessels analyzed per group were: Wt (6, 77), Wt+Schisto (5, 83), HIV (5, 53) and HIV+Schisto (5, 75). Results 
are expressed as mean ± SEM. ***P<0.001 and ****P<0.0001 as determined by one-way ANOVA analysis 
followed by Tukey post hoc test.

7.6. CARDIAC REMODELLING

We also examined the e� ects of HIV and Schistosoma co-exposure on cardiac remodelling. 

Surprisingly, we found a reduced Fulton index in HIV animals (Figure 26, A), which could be 

associated with a modest LV hypertrophy displayed by untreated and egg-treated HIV animals 

compared to Wt counterparts (Figure 26, D). However, when expressed in terms of body weight 

(Figure 26, B), HIV animals had similar RV values as untreated or egg-exposed Wt mice, while 

a slight but signi� cant increase was observed in egg-treated HIV compared to Wt mice (Figure 

26, C). � us, in HIV and Schistosoma co-exposed mice, pulmonary vascular remodelling was 

associated with a consistent increase of PAP but without overt PAH or RV hypertrophy.  
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Figure 25. Schistosoma egg exposure increases pulmonary arterial pressure in HIV mice. Mean values of 
(A) right ventricular systolic pressure (RVSP), (B) systolic, (C) diastolic and (D) mean pulmonary arterial pressure 
(PAP) in Wt and HIV mice exposed or unexposed to Schistosoma. Results are expressed as means ± SEM (n=10-
17). *, ** and *** indicate P<0.05, P<0.01 and P<0.001, respectively (one-way ANOVA analysis followed by the 
Tukey post hoc test).
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Figure 26. Cardiac remodeling in Wt and HIV mice following exposure to schistosome eggs. (A) and (C): 
right ventricular (RV) weight relative to left ventricle + septum (LV + S) or to body weight (BW), respectively. 
(B) Body weight and (D) left ventricular and septum weight relative to body weight (BW) in Wt and HIV mice 
unexposed or exposed to schistosome eggs. Results are mean ± SEM (n=19-28). *P<0.05, **P<0.01 and 
***P<0.001 (one-way ANOVA analysis followed by Tukey post hoc test).



Results92

7.7. ENDOTHELIAL CELL FUNCTION

Next, we analysed endothelial-dependent relaxation assessed following the addition of ACh 

to isolated PA previously stimulated with serotonin (Figure 27, A-D).

Figure 27. Endothelial dysfunction in HIV mice is aggravated by Schistosoma egg exposure. (A, B, C and D). 
Original recordings of the relaxation induced by Acetylcholine (ACh) in serotonin-stimulated PA from Wt and HIV mice 
exposed and unexposed to Schistosoma. (E and F) Relaxant eff ects of the endothelium-dependent vasodilator ACh and 
the endothelium independent vasodilator sodium nitroprusside (SNP), respectively, in serotonin-stimulated PA from Wt 
and HIV mice exposed and unexposed to Schistosoma. Panel E (right) shows the mean values of the area under the curve 
(AUC) of ACh-induced relaxation. The dotted line represents zero relaxant response to ACh. Values are mean ± SEM (n=5-
6). *P<0.05, **P<0.01 and ***P<0.001, as determined by two-way repeated measures ANOVA analysis followed by the 
Bonferroni’s post hoc test (panel E left) or one-way ANOVA analysis followed by Tukey post hoc test (panel E right).
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� e relaxation induced by ACh (10-6 M) was moderately attenuated in egg-treated Wt (16 ± 

7%; P < 0.01) and untreated HIV (20 ± 1%; P < 0.05) mice as compared to Wt mice (37 ± 2%, 

Figure 27, A-C and E le� ). Remarkably, PA from egg-exposed HIV mice showed negligible 

endothelial-dependent vasodilation, even at the highest concentrations of ACh tested (Figure 

27, D and E le� ). In fact, the area under the curve of ACh-induced relaxation con� rmed the 

impairment of endothelial-dependent vasodilation in egg-exposed HIV mice (Figure 27, E 

right). In contrast, the endothelial-independent relaxation induced by SNP (Figure 27, F) was 

comparable in untreated and egg-treated Wt and HIV mice. Taken together, these � ndings 

suggest that combined exposure to HIV and Schistosoma impact the functional properties of 

the pulmonary vasculature partly by targeting the vascular endothelium.

7.8. THE PULMONARY IMMUNE LANDSCAPE OF MICE EXPOSED TO HIV AND 

SCHISTOSOMA, INDIVIDUALLY OR IN COMBINATION

Aiming at characterising the immune landscape of the lung, in terms of the phenotype of 

pulmonary immune cells and their cytokine expression, multi-parametric � ow cytometry and 

immuno� uorescence microscopy analyses were performed in samples from Wt and HIV mice, 

untreated or treated with schistosome eggs.

Figure 28. Pulmonary leukocytes in HIV mice exposed or not to Schistosoma eggs. (A) Flow cytometric 
analysis of leukocytes (CD45+) in cells isolated from the lung of Wt (wild-type) and HIV mice unexposed (control) 
or exposed to Schistosoma eggs (+Schisto). SSC indicates side scatter. Numbers within dot plots indicate the 
percentage of cells in the gated region. (B) Frequencies and numbers of leukocytes. Results are shown as 
mean ± SEM (n=5-11). 
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7.8.1. IMMUNE CELL LANDSCAPE

Flow cytometry analyses of immune cells (identi� ed by CD45 expression; Figure 28, A) in cells 

isolated from the lung of Wt and HIV mice showed comparable frequencies of leukocytes (CD45+ 

cells) which remained unaltered a� er administration of S. mansoni eggs (Figure 28, B le� ). Leukocyte 

numbers (Figure 28, B right) were also comparable in untreated Wt and HIV mice, but with a 

tendency for higher leukocyte counts in the latter animals (Wt 1.63 x 106 ± 0.20 x 106; HIV 2.80 x 106 

± 0.76 x 106). Upon Schistosoma egg administration, leukocyte numbers were increased noticeably 

although not signi� cantly in both Wt and HIV mice. Together, these results suggest that egg-induced 

leukocyte in� ltration into the lung is not grossly a� ected by local expression of HIV proteins.

7.8.1.1. LYMPHOID CELLS

� e di� erent populations of pulmonary lymphoid cells were characterized by � ow cytometry 

as shown in Figure 12. 

Regarding αβ T cells, identi� ed as TCRβ+CD3+ (Figure 29, A), similar proportions and 

numbers of these cells were observed in Wt and HIV mice, whereas a percent decrease but a 

signi� cant increase in absolute cell number was detected in both mice a� er Schistosoma egg 

exposure (Figure 29, B). � ese data suggest that αβ T cells are recruited into the lung of Wt and 

HIV mice following parasite egg administration, but that other types of leukocytes predominate 

in the pulmonary in� ltrate; which would explain the observed decrease in relative abundance.

Interestingly, surface TCRαβ expression (assessed as TCRβ/CD3 GEO-MFI) was signi� cantly 

reduced in Wt but not HIV mice a� er Schistosoma egg administration (Figure 29, C). 

Furthermore, CD27 expression, a marker of T cell activation, was signi� cantly increased in αβ 

T cells from untreated HIV mice compared to Wt counterparts, with no further enhancement 

upon egg administration in either mice (Figure 29, C). Together, these observations suggest that 

αβ T cell activation could be dysregulated in HIV mice. 

αβ T cells comprise two major subsets: CD4 and CD8 lymphocytes. Analysis of these subsets, 

identi� ed as TCRβ+CD4+ and TCRβ+CD8+ cells (Figure 30, A), revealed reduced proportions 

but increased absolute cell counts of CD4 and CD8 cells in egg-treated Wt and HIV mice 

compared with untreated counterparts; but less prominently for CD8 cells in egg-exposed HIV 

than in Wt mice (Figure 30, B). Notably, both CD8 and CD4 coreceptors were overexpressed 
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Figure 29. Pulmonary αβ T cells in HIV mice exposed or not to Schistosoma eggs. (A) Flow cytometric 
analysis of αβ T lymphocytes (TCRβ+CD3+) in the lung of Wt and HIV mice unexposed or exposed to Schistosoma 
eggs (+Schisto). (B) Frequencies (%) and numbers (#) of αβ T cells. (C) Surface TCR (in TCRβ+ CD3+) and CD27 (in 
TCRδ- CD3+) expression. GEO-MFI: geometric mean fl uorescence intensity. Results are shown as mean ± SEM 
(n=5-8). *P<0.05, **P<0.01 and *** P≤0.001 (one-way ANOVA).



Results96

Figure 30. Pulmonary CD4 and CD8 T cells in HIV mice exposed or not to Schistosoma eggs. (A) Flow 
cytometric analysis of CD4 (TCRβ+CD4+) and CD8 (TCRβ+CD8+) T lymphocytes in the lung of Wt and HIV mice 
unexposed or exposed to Schistosoma eggs (+Schisto). (B) Frequencies (%) and numbers (#), and surface 
coreceptor expression (GEO-MFI). GEO-MFI: geometric mean fl uorescence intensity. (n=5-8). *P<0.05, **P<0.01, 
***P≤0.001 ***P≤0.0001.
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in untreated HIV compared to Wt T cells. Upon parasite egg administration, surface CD8 and 

CD4 expression were unaltered in Wt mice; while in HIV mice surface CD8, but not CD4, was 

slightly but signi� cantly reduced (Figure 30, B). Together, these data suggest that expression 

of HIV proteins in pulmonary resident or in� ltrating αβ T lymphocytes could restraint the 

expansion of CD8 but not CD4 cells responding to schistosome eggs, and somehow a� ect the 

surface expression of CD4 and CD8 coreceptors.

NKT lymphocytes express features of both T and NK cells, including co-expression of typical 

surface markers of each lineage such as TCRβ and NK1.1, which allows their identi� cation 

(Figure 31, A). Proportions and numbers of pulmonary NKT cells were similar in Wt and HIV 

animals, and were increased to a comparable extent in both mice exposed to schistosome eggs 

(Figure 31, B); although apparently more prominently in HIV mice. � is suggests that HIV 

exposure could potentiate the response of NKT cells to parasites eggs in the lung.

Figure 31. Pulmonary NKT cells in HIV mice exposed or not to Schistosoma eggs. (A) Flow cytometric analysis 
of NKT lymphocytes (TCRβ+NK1.1+) in the lung of Wt and HIV mice unexposed or exposed to Schistosoma eggs 
(+Schisto). (B) Frequencies (%) and numbers (#) (n=5-8). *P<0.05,** P<0.01, ***P≤ 0.001 ****P≤0.0001.



Results98

Figure 32. Pulmonary γδ T cells in HIV mice exposed or not to Schistosoma eggs. (A) Flow cytometric 
analysis of γδ T lymphocytes (TCRδ+CD3+) in the lung of Wt and HIV mice unexposed or exposed to Schistosoma 
eggs (+Schisto). Numbers within dot plots correspond to percentage of cells in the gated regions indicated (i: 
total; ii: TCRγδlo-int; iii: TCRγδint-hi (B) Frequencies (%) and numbers (#) of γδ T cells as gated in A (n=5-8). *P<0.05, 
**P<0.01,***P≤0.001 and ****P≤0.0001.
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γδ T lymphocytes, a major component of the T cell repertoire together with αβ lineage T cells, 

are characterized by surface expression of the TCRγδ antigen receptor. In the mouse lung, two 

subsets of γδ (TCRδ+CD3+) T cells expressing distinct surface levels of the antigen receptor can be 

detected (Ref): TCRγδlo-int and TCRγδint-hi cells (Figure 32, A). � ese two subsets were comparable 

in frequency and numbers in Wt and HIV mice. Upon schistosome egg administration, the 

abundance of either subset (and of total γδ T cells) was similarly increased in Wt and HIV mice. 

However, TCRγδint-hi cells were augmented to a larger extent in egg-treated HIV mice compared to 

Wt counterparts (Figure 32, B), suggesting that recruitment and/or expansion of this particular γδ 

T cell subset is favoured by co-exposure to HIV and parasite eggs in the lung. 

In γδ T cells, the di� erential surface expression of CD27 and CCR6 correlates with production 

of a particular proin� ammatory cytokine. � us, CD27+CCR6- cells secrete IFN-γ while CD27-

CCR6+ cells produce IL-17 (Haas et al., 2009).

As shown in Figure 33, in Wt mice the majority of lung TCRγδlo-int cells were CD27-CCR6-, 

with a small population of CD27-CCR6+ cells that expanded upon egg administration. In 

contrast, in HIV mice a prominent population (around 60%) of TCRγδlo-int cells were CD27-

CCR6+, which remained mostly unaltered a� er egg exposure. Within the pulmonary TCRγδint-hi 

subtype, in contrast, frequency of CD27-CCR6+ was markedly increased in Wt and reduced in 

HIV mice compared with TCRγδlo-int cells, due to the appearance in the latter mice of a prominent 

subpopulation of CD27+CCR6+ cells. In Wt mice, these CD27+CCR6+ cells were also detected 

but were minor. Interestingly, upon egg exposure, CD27+CCR6+ cells were markedly increased 

in Wt but less prominently in HIV mice. Taken together, these data indicate that exposure to 

HIV and Schistosoma, individually or in combination, alter the phenotype (and likely also the 

function, see below) of pulmonary γδ T cells.

NK cells represent around 10% of lymphocytes in the mouse lung (Grégoire et al., 2007). 

� is lymphoid cell type has historically been de� ned as CD3-TCRβ−NK1.1+ cells to distinguish 

them from NKT (CD3+TCRβ+NK1.1+) lymphocytes. As shown in Figure 34 (le�  panel), relative 

(percentage) abundance of NK cells was signi� cantly lower in HIV compared with Wt mice, 

while absolute (number) abundance was not signi� cantly di� erent between the two mouse 

types; but with a tendency to lower numbers in HIV mice. Furthermore, Wt mice responded to 

egg administration reducing percent NK levels to those of untreated HIV counterparts, and the 

latter showed no changes compared to untreated ones. In either mice, absolute NK cell counts 

were not signi� cantly altered by schistosome egg administration. 
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Figure 33. Pulmonary expression of CCR6 and CD27 in γδ T cells in HIV mice exposed or not to Schistosoma 
eggs. Flow cytometric analysis of CCR6 and CD27 expression in γδ T lymphocytes (TCRδ+CD3+) in the lung of Wt 
and HIV mice unexposed or exposed to Schistosoma eggs (+Schisto). 

Figure 34. Pulmonary NK and B cells in HIV mice exposed or not to Schistosoma eggs. Flow cytometric analysis 
of NK (NK1.1+TCRb-) and B (CD19+) lymphocytes in the lung of Wt and HIV mice unexposed or exposed to 
Schistosoma eggs (+Schisto)(n=5-8). Frequencies (%) and numbers (#) are shown. ***P≤0.001, ****P≤0.0001.
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Regarding B lymphocytes (identi� ed as CD19+ cells), neither frequencies nor numbers of 

these cells were di� erent between Wt and HIV mice, and no alterations were detected in either 

mouse type following egg administration (Figure 34).

7.8.1.2. MYELOID CELLS

� e di� erent populations of pulmonary myeloid cells were characterized by � ow cytometry 

as shown in Figure 13. 

Neutrophils and eosinophils are granulocytes sharing a distinct surface CD11b+GR1med 

phenotype that allows their discrimination from monocytes, which express low or high levels 

of surface GR1 (Duan et al., 2016; Misharin et al., 2013). Both granulocytes participate in the 

immune response to multicellular parasites, and in the case of eosinophils in the granulomatous 

response to S. mansoni eggs (Pagán & Ramakrishnan, 2018).   

As shown in Figure 35, proportions and numbers of CD11b+GR1med cells were comparable 

in Wt and HIV mice. Upon schistosome egg administration, CD11b+GR1med granulocytes were 

signi� cantly increased in both frequency and cell counts in Wt but not in HIV mice; but with 

a tendency for higher granulocyte abundance in egg-treated compared to untreated HIV mice. 

� ese results suggest an impaired granulocyte response to parasite eggs in the lung of HIV mice.

Figure 35. Pulmonary eosinophils/neutrophils in HIV mice exposed or not to Schistosoma eggs. Flow 
cytometric analysis of eosinophils/neutrophils (CD11b+GR1med) in the lung of Wt and HIV mice unexposed 
or exposed to Schistosoma eggs (+Schisto) (n=5-8). Frequencies (%) and numbers (#) are shown. *P≤0.05, 
**P≤0.01.

Monocytes are CD11b+ myeloid cells that can be further divided in two distinct functional 

populations based on the surface expression of the GR1 marker (Duan et al., 2016; Misharin 

et al., 2013). Hence, CD11b+GR1lo monocytes are considered “patrolling” monocytes (which 
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patrol blood vessels), while CD11b+GR1hi ones represent “in� ammatory” monocytes, which are 

robustly recruited to sites of in� ammation.  

As shown in Figure 36 (upper panels), pulmonary patrolling monocytes were comparable 

in untreated Wt and HIV mice, and markedly increased in egg-treated HIV mice and less 

prominently in Wt counterparts. In regard to in� ammatory monocytes (Figure 36, lower 

panels), proportions and numbers of these cells were not signi� cantly di� erent in Wt compared 

to HIV mice, either untreated or treated with schistosome eggs. Collectively, these results show 

that HIV and Schistosoma co-exposure has an impact on pulmonary patrolling monocytes but 

not in the recruitment into the lung of in� ammatory monocytes.   

Figure 36. Pulmonary monocytes in HIV mice exposed or not to Schistosoma eggs. Flow cytometric 
analysis of patrolling (CD11b+GR1lo) and infl ammatory (CD11b+GR1hi) monocytes in the lung of Wt and HIV 
mice unexposed or exposed to Schistosoma eggs (+Schisto)(n=5-8). Frequencies (%) and numbers (#) are 
shown. *P≤0.05, **P≤0.01, ***P≤0.001.

Pulmonary macrophages are a heterogeneous population of immune cells that ful� l a variety of 

specialised functions, including maintenance of pulmonary homoeostasis, removal of cellular debris, 

immune surveillance, microbial clearance, responses to infection and the resolution of in� ammation. 
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Pulmonary macrophages can be traced by the surface expression of F4/80 and CD64 (although 

this population could contain also monocytes). Within this population, two main subsets found 

in the lung are interstitial and alveolar macrophages, characterised by the expression or lack of 

surface CD11b, respectively.

Interstitial macrophages, which are the ones that in� ltrate and di� erentiate in the lung, were 

signi� cantly increased in frequency and showed a tendency for higher cell counts in HIV mice 

compared with Wt counterparts (Figure 37, le� ). Egg administration resulted in increased 

proportion and numbers of these macrophage subset in both Wt and HIV mice, but more 

prominently in the latter. 

Figure 37. Pulmonary macrophages in HIV mice exposed or not to Schistosoma eggs. Flow cytometric 
analysis of interstitial (F4/80+CD64+CD11b+) and alveolar (F4/80+CD64+CD11b-) macrophages in the lung of Wt 
and HIV mice unexposed or exposed to Schistosoma eggs (+Schisto) (n=5-8). Frequencies (%) and numbers (#) 
are shown. *P≤0.05, ***P≤0.001, ****P≤0.0001.
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Alveolar macrophages, the resident population of macrophages in the lung, were comparable in 

Wt and HIV mice, and only the latter mice responded with an increase to egg embolization into the 

lung; but less markedly than observed with interstitial macrophages (Figure 37, right). Together, 

these results indicate that a prior HIV exposure potentiates the response of lung macrophages to 

a subsequent exposure to schistosome eggs, particularly that of interstitial macrophages.

Figure 38. Pulmonary dendritic cells in HIV mice exposed or not to Schistosoma eggs. Flow cytometric 
analysis of DC1 (CD11c+CD103+) and DC2 (CD11c+CD103-) dendritic cells in the lung of Wt and HIV mice 
unexposed or exposed to Schistosoma eggs (+Schisto) (n=5-8). Frequencies (%) and numbers (#) are shown. 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.

In the mouse lung there are at least two subpopulations of dendritic cells (DC), which are 

de� ned by the expression or not of surface CD103 (Merad et al., 2013). As shown in Figure 

38, DC1 (CD11c+CD103+) and DC2 (CD11c+CD103-) are similarly represented in the lung of 

Wt and HIV mice, and both DC populations are comparably increased in Wt and HIV mice 

following egg administration, suggesting that schistosome exposure is the dominating stimulus 

for expansion of pulmonary DC, with a minor contribution of exposure to HIV proteins.
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 Interestingly, compared to Wt counterparts, HIV mice showed upregulated levels 

of surface CD11b in immune cells of the lung (Figure 39), particularly in macrophages and 

patrolling monocytes; suggestive of an in� ammatory environment occurring in the lung of HIV 

mice that is exacerbated upon parasite egg treatment. 

7.8.1.3. GLOBAL FEATURES OF THE PULMONARY IMMUNE CELL LANDSCAPE

� e global features of the pulmonary immune cell landscape, with regard to lymphoid-to-

myeloid ratio and relative representation of the distinct immune cell types, are summarized and 

depicted in Figure 40 and Figure 41, respectively; for mice exposed to HIV and Schistosoma, 

individually or in combination.

Figure 39. Surface CD11b expression in pulmonary myeloid cells from HIV mice exposed or not to 
Schistosoma eggs. GEO-MFI: geometric mean fl uorescence intensity. (n=5-8) *P<0.05, **P<0.01, ***P≤0.001 
***P≤0.0001. 



Results106

Figure 40. Lymphoid-to-myeloid ratio in Wt and HIV mice exposed or not to Schistosoma eggs.

Figure 41. Relative representation of distinct immune cell types in Wt and HIV mice exposed or not to 
Schistosoma eggs.
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7.8.1.4. IMMUNE CELLS IN GRANULOMAS

A typical phenomenon associated with schistosome infection is the formation in various 

tissues, including the lung, of multicellular granulomas around the trapped eggs. Although egg-

treated HIV mice were able to generate granulomas, they were of smaller size and reduced egg 

clearance capability compared with those in Wt counterparts (Figure 19). 

To gain insight on the immune cell composition of granulomas in Wt and HIV mice, lung 

sections from these mice were analysed by immuno� uorescence microscopy (Figure 42). As 

expected, the vast majority of cells stained with DAPI (nuclei) in the granulomas of both mice 

also stained positive for CD45, a marker of leukocytes; with a prominent representation of 

macrophages (F4/80+ cells) around the egg (visible in the HIV but not in the Wt granuloma). A 

minority of CD45+F4/80- cells, most likely T cells and eosinophils, was detected in the periphery 

of the granuloma of both Wt and HIV mice.

Figure 42. Total leukocytes and macrophages schistosome-induced lung granulomas. Representative 
examples of immunofl uorescence microscopy analysis of total leukocytes (CD45+) and macrophages (F4/80+) 
in pulmonary granulomas of Wt and HIV mice exposed to Schistosoma eggs (+Schisto) (n=32-39 granuloma, 
from n=3-5 mice). The schistosome egg was consistently observed in HIV but not Wt mice (arrowhead). 

To gain further insight about pulmonary T cells in untreated mice and in perivascular 

granulomas of egg-treated mice, lung sections from Wt and HIV mice were stained with speci� c 

antibodies to TCRδ and CD3. In this setting, γδ T cells can be identi� ed as TCRδ+CD3+ and αβ 

T cells as TCRδ-CD3+ cells (Figure 43).  
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In untreated mice, either Wt or HIV, there were αβ T lymphocytes surrounding the vessel, 

but no γδ T lymphocytes. In contrast, both T cell types could be detected in the perivascular 

granuloma of egg-treated mice. Of note, T cells were located in the peripheral extravascular part 

of the granuloma in Wt mice, while in HIV mice T cells were detected in both extravascular and 

intravascular locations.

A more detailed analysis of T cells in perivascular granulomas of HIV mice (Figure 44, 

A) revealed two types of γδ T lymphocytes: small-sized cells expressing low levels of surface 

TCR (TCRγδlo) and larger ones expressing high levels of the receptor (TCRγδhi) (Figure 44, 

B). Notably, these two populations of γδ T cells were also detected by � ow cytometric analysis 

(Figure 32).

Figure 43. T cells in pulmonary perivascular granulomas in mice exposed to Schistosoma eggs. (A) 
Representative examples of IFM analysis of T cells (upper panels) in pulmonary perivascular granulomas of 
Wt and HIV mice exposed to Schistosoma eggs (+Schisto). αβ T cells and γδ T cells are marked with green and 
pink asterisks, respectively, in the bottom panels. Vessels are marked with a dotted line. (B) Magnifi cation of 
the area indicated in panel A.
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Figure 44. Diff erential TCRγδ expression in γδ T cells in pulmonary perivascular granulomas of HIV 
mice exposed to Schistosoma eggs. (A) IFM analysis of T cells (upper panels) in a pulmonary perivascular 
granuloma of a HIV mouse exposed to Schistosoma eggs. (B) TCRγδ versus TCRαβ expression in the single cells 
indicated in A; right panel.
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7.8.2. CYTOKINE LANDSCAPE

For characterization of the pulmonary cytokine landscape of Wt and HIV mice, untreated or 

treated with schistosome, a combination of immuno� uorescence microscopy and intracellular 

� ow cytometry was used for identi� cation of signature cytokines of Type 1 (IFN-γ), Type 2 

(IL-4, IL-13) and Type 17 (IL-17A) immune responses. Intracellular cytokine expression in 

pulmonary T cells and myeloid cells by � ow cytometry was determined following the strategies 

depicted in Figure 14 and Figure 15, respectively. 

 

7.8.2.1. IFN-γ

Flow cytometric analysis revealed that CD4+ T cells and TCRint-hi γδ T cells in HIV mice 

(Figure 45, A&B) were the main cell types involved in the augmented IFN-γ response to parasite 

eggs, with a lesser contribution of myeloid cells (Figure 45, C). 

Figure 45. Flow cytometry determination of pulmonary IFN-γ expression in mice exposed or not to 
Schistosoma eggs. Flow cytometric analysis of intracellular IFN-γ expression in (A) CD4+ T cells and (B) γδ T cell 
(TCRint-hi) (C) myeloid cells, gated as shown in fi gures 14, 14 and 15, respectively, in the lung of Wt and HIV mice 
unexposed or exposed to Schistosoma eggs (+Schisto)(n=5-8). Frequencies (%) and numbers (#) are shown. 
*P≤0.05, **P≤0.01, ***P≤0.001, **** P≤0.0001.
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Figure 46. Immunofl uorescence microscopy analysis of pulmonary IFN―γ expression in mice exposed 
or not to Schistosoma eggs. (A,B) Representative examples of IFM analysis. α-SMA was used as a vessel 
marker. (B) Magnifi cation of the area indicated in panel A. (C) Quantifi cation of IFN-γ cytokine per X40 area. 
Mice and vessel granuloma analyzed per group were: Wt (3; 20), Wt+Schisto (4; 27), HIV (3; 21) and HIV+Schisto 
(4; 29). *P≤0.05, **P≤0.01, ***P≤0.001, **** P≤0.0001.
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Furthermore, immuno� uorescence staining of lung sections revealed a clear IFN-γ 

expression in HIV but not in Wt mice. Egg administration increased IFN-γ expression in 

perivascular granulomas in both mice, but seemingly more in HIV mice (Figure 46, A&B, 

upper panels); which in contrast to Wt counterparts showed not only perivascular but also 

markedly intravascular IFN-γ expression. Quanti� cation of the cytokine signal con� rmed this 

augmented IFN-γ expression in HIV compared to Wt mice, either untreated or treated with 

parasites eggs, but particularly in the latter (Figure 46, C, lower panel). 

7.8.2.2. IL-4 and IL-13

Type 2 cytokines (i.e. IL-4 and IL-13) are typically associated to the granulomatous response 

to parasite eggs in schistosomiasis. Intracellular � ow cytometry analysis (Figure 47) showed 

that in untreated mice, either Wt or HIV, IL-4 is mainly expressed by CD4 T cells (Figure 47A). 

A� er egg administration, the relative abundance of IL-4+ CD4 T cells was reduced in both mice, 

with a concomitant increase in that of IL-4+ myeloid cells; which resulted in a net increase in the 

number of these cells, particularly in HIV mice (Figure 47B).  

Figure 47. Flow cytometry determination of pulmonary IL-4 expression in mice exposed or not to 
Schistosoma eggs. Flow cytometric analysis of intracellular IL-4 expression in (A) CD4+ T cells and (B) myeloid 
cells, gated as shown in fi gures 14 and 15, respectively, in the lung of Wt and HIV mice unexposed or exposed 
to Schistosoma eggs (+Schisto)(n=5-8). Frequencies (%) and numbers (#) are shown. *P≤0.05, **P≤0.01, 
***P≤0.001, ****P≤0.0001.
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Figure 48. Immunofl uorescence microscopy analysis of pulmonary IL-4 expression in mice exposed or 
not to Schistosoma eggs. (A) Representative examples of IFM analysis. α-SMA was used as a vessel marker. 
(B) Magnifi cation of the area indicated in panel A. (C) Quantifi cation of IL-4 cytokine per X40 area. Mice and 
vessel granuloma analyzed per group were: Wt (3; 21), Wt+Schisto (4; 28), HIV (3; 22) and HIV+Schisto (4; 31). 
*P≤0.05, **P≤0.01, ***P≤0.001, **** P≤0.0001.
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Pulmonary IL-4 expression was hardly detected in untreated Wt and HIV mice, but strongly 

induced in granulomas of egg-treated mice (Figure 48, A&B), and mostly in perivascular 

areas and to a lesser degree in intravascular locations (Figure 48, A&B). Quanti� cation of the 

� uorescent cytokine signal con� rmed these results (Figure 48, C).

 

Analysis of pulmonary IL-13 expression by intracellular � ow cytometry (Figure 49) showed 

increased relative and absolute abundance of IL-13-expressing CD4 T cells in untreated 

HIV mice compared to Wt counterparts. Upon parasite egg administration, these cells were 

decreased signi� cantly in HIV mice and increased (but not signi� cantly) in Wt mice (Figure 49, 

A). Analysis of the myeloid compartment revealed higher number (but not frequency) of IL-13+ 

myeloid cells in untreated HIV compared to Wt mice (Figure 49, B). 

Figure 49. Flow cytometry determination of pulmonary IL-13 expression in mice exposed or not to 
Schistosoma eggs. Flow cytometric analysis of intracellular IL-13 expression in (A) CD4+ T cells and (B) myeloid 
cells, gated as shown in fi gures 14 and 14 and 15 respectively, in the lung of Wt and HIV mice unexposed 
or exposed to Schistosoma eggs (+Schisto) (n=5-8). Frequencies (%) and numbers (#) are shown. *P≤0.05, 
**P≤0.01, ***P≤0.001, ****P≤0.0001.
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Figure 50. Immunofl uorescence microscopy analysis of pulmonary IL-13 expression in mice exposed or 
not to Schistosoma eggs. (A) Representative examples of IFM analysis. α-SMA was used as a vessel marker. 
(B) Magnifi cation of the area indicated in panel A. (C) Quantifi cation of IL-13 cytokine per X40 area. Mice and 
vessel granuloma analyzed per group were: Wt (3; 21), Wt+Schisto (4; 28), HIV (3; 22) and HIV+Schisto (4; 31). 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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Egg administration resulted in augmented percentage but not counts of these cells in HIV 

mice. In contrast, numbers of IL-13-expressing myeloid cells were signi� cantly raised in egg-

treated Wt mice, but to a level similar to that of untreated and egg-treated HIV counterparts. 

Collectively, these results reveal that IL-4 and IL-13 expression are di� erentially a� ected in 

pulmonary T and myeloid cells of HIV mice prior and a� er parasite egg administration.

In the case of IL-13, this cytokine was readily detected in the lung of untreated HIV but 

not in Wt mice. Egg treatment resulted in a markedly increase of IL-13 in HIV mice and less 

prominently in Wt counterparts (Figure 50, A&B). Quanti� cation of the IL-13 signal con� rmed 

these observations (Figure 50, C). Of note, in HIV but not Wt mice, IL-13+ cells were detected 

outside but in close proximity to the vessel wall. Cells in this location were increased in egg-

treated HIV mice, along with IL-13+ cells in the periphery of the granuloma. In contrast, in 

egg-treated Wt animals, IL-13+ cells were present only in outer areas of the granuloma (Figure 

50, A&B).

7.8.2.3. IL-17

Immuno� uorescence analysis showed very low abundance of pro-in� ammatory IL-17A-

expressing cells in the lung of Wt and HIV mice. Notably, these cells were strongly augmented 

in perivascular granulomas of both mice, but more markedly in HIV mice; with IL-17A+ cells 

being detected both around and within the vessel (Figure 51, A-C, upper and lower panel).  

Intracellular � ow cytometry revealed that egg-induced augmentation of pulmonary IL-17A 

expression was associated mainly to γδ (TCRint-hi) T cells in Wt mice, while CD4 and γδ (TCRint-

hi) T cells contributed both to the increased expression of IL-17A in HIV mice (Figure 52, A & 

B); with just a minor contribution from the myeloid compartment in either mice (Figure 52, C). 
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Figure 51. Immunofl uorescence microscopy analysis of pulmonary IL-17 expression in mice exposed or 
not to Schistosoma eggs. (A) Representative examples of IFM analysis. α-SMA was used as a vessel marker. 
(B) Magnifi cation of the area indicated in panel A. (C) Quantifi cation of IL-17 cytokine per X40 area. Mice and 
vessel granuloma analyzed per group were: Wt (3; 20), Wt+Schisto (4; 29), HIV (3; 20) and HIV+Schisto (4; 29). 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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Figure 52. Flow cytometry determination of pulmonary IL-17 expression in mice exposed or not to 
Schistosoma eggs. Flow cytometric analysis of intracellular IL-17 expression in (A) CD4+ T cells and (B) γδ T 
cells and (C) myeloid cells, , gated as shown in fi gures 14, 14 and 15, respectively, in the lung of Wt and HIV mice 
unexposed or exposed to Schistosoma eggs (+Schisto)(n=5-8). Frequencies (%) and numbers (#) are shown. 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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HIV and Schistosoma infections represent two major causes of morbidity and mortality 

globally. Among their di� erent detrimental e� ects, both diseases may target the lung and 

contribute to the development of PVD (Butrous, 2015, 2019). Herein we report for the � rst 

time the impact of HIV and Schistosoma co-exposure on the pulmonary vasculature and 

development of pulmonary vascular pathology, by using a non-infectious mouse model based in 

HIV (Tg26) transgenic mice subjected to sensitization and embolization with S. mansoni eggs. 

� is model might resemble that of HIV-infected people under ART and subsequently infected 

by Schistosoma. Our data showed that HIV and Schistosoma co-exposure results in an impaired 

immune response to parasite eggs, suppressed endothelial-dependent vasodilation, and an 

increased number of occluded pulmonary vessels with plexiform-like lesions, with associated 

augmentation of PAP. 

In HIV transgenic mice, viral transcripts are expressed at low levels in immune cells such as 

monocytes, macrophages and lymphocytes (Bruggeman et al., 1994), similarly to HIV-infected 

people treated with ART (Almodovar, 2014; Cribbs et al., 2020a). � us, HIV-related alterations 

in the population of lung resident immune cells (Cribbs et al., 2020a; Mwale et al., 2017a) could 

compromise the initiation of responses to local in� ammatory stimuli (Jambo et al., 2011), such as 

embolized parasite eggs. Supporting this notion, we observed that untreated HIV mice showed 

an altered immune cell and cytokine landscape (Figure 40-41, 45-52). In addition, alterations 

in the pulmonary recruitment of circulating in� ammatory cells expressing HIV proteins 

could a� ect the progression of egg-induced immune responses in HIV mice (Figure 19). In 

line with this, impaired macrophage in� ltration into the lung and delayed resolution of lung 

in� ammation has been reported recently in HIV Tg26 transgenic mice in response to bacterial 

lipopolysaccharide (LPS), with these defects being corrected by inhibition of HIV transcription 
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(Jerebtsova et al., 2020); suggesting an association between HIV gene expression in leukocytes 

and their impaired recruitment to sites of in� ammation.

� e granuloma induced by Schistosoma mansoni eggs is a compact and organized aggregate 

of leukocytes surrounding the egg, which is generated in response to parasite egg products and 

antigens. As depicted in Figure 53 (le� ), the typical granuloma is mainly build by epitheloid 

macrophages, some of which are fused into multinucleated giant cells. � ese epithelioid cells are 

mainly located around the egg together with other cell types such as monocytes and eosinophils. T 

lymphocytes, both αβ and γδ T cells, are generally located in the periphery of the granuloma. Small 

deposits of very short collagen � bres are also found in the outer area of the granuloma. Schistosome 

eggs usually appear broken and with leukocytes inside (Pagán & Ramakrishnan, 2018).

In HIV mice (Figure 53, right), in contrast, the size of the granuloma was considerably 

smaller than in Wt animals. In addition, qualitative di� erences in the granuloma composition 

were observed. Collagen � bres throughout the granuloma were longer and more abundant 

compared to those in Wt granulomas, and levels of collagen deposition were also higher. Of 

note, schistosome eggs were o� en found unaltered, with no evidences of egg degradation in 

most cases. � e organization of epithelioid macrophages within the granuloma was similar to 

that observed in Wt counterparts, with macrophages forming tight junctions, and creating a 

dense network with other in� ltrating leukocyte types. A main di� erence, however, between HIV 

and Wt granulomas was that αβ and γδ T lymphocytes were located throughout the granuloma 

in the former, and not only in the periphery as occurs in the latter. Taken together, these 

observations indicate a defective growth and accelerated � brosis, and an impaired egg-clearing 

capability of granulomas induced by S. mansoni eggs in HIV mice (Kumar et al., 2019a; Pagán 

& Ramakrishnan, 2018a). 

� us, in egg-treated HIV mice pulmonary persistence of parasite eggs (Crosby et al., 2010; 

Kumar et al., 2019a) and HIV proteins could, on the one hand, sustain an in� ammatory process 

targeting the vasculature (Almodovar, 2014; Cribbs et al., 2020a; Voelkel et al., 2016; Zahara 

Ali, Djuro Kosanovic, Ewa Kolosionek, Ralph T. Schermuly et al., 2017). On the other hand, 

HIV proteins and schistosome egg products could cause direct damage to the lung vasculature 

(Anand et al., 2018; Chelvanambi et al., 2019; Schwartz & Fallon, 2018). Together, this may 

lead to exacerbation of pulmonary vascular pathology in individuals co-exposed to HIV and 

Schistosoma. 
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We found that pulmonary vessels from HIV mice exhibited increased � brosis (Figure 24), 

which was further enhanced by lung embolization of schistosome eggs. In line with this, a recent 

study reported a pro-� brotic phenotype of primary lung � broblasts isolated from HIV (Tg26) 

transgenic mice and in wild-type primary lung � broblasts cultured with HIV-1 protein gp120 

(Marts et al., 2019). Because schistosomiasis and HIV infection have both been associated 

with lung � brosis (Crothers et al., 2011; Kna�  et al., 2020) our � ndings suggest that combined 

exposure to HIV and Schistosoma could increase the risk of developing pathological � brotic 

changes in the pulmonary vasculature.

Endothelial dysfunction represents a common hallmark in HIV-infected patients regardless 

of antiretroviral treatment (Butrous, 2015; Cribbs et al., 2020a), and is considered a precursor of 

the development of HIV-associated cardiovascular and lung disease that contribute substantially 

to morbidity and mortality (Almodovar, 2014; Anand et al., 2018; Butrous, 2015; Cribbs et 

al., 2020a). In agreement with our previous work (Mondejar-Parreño et al., 2018), herein we 

observed that pulmonary vessels from HIV mice displayed endothelial dysfunction, which 

was greatly exacerbated by exposure to schistosome eggs (Figure 27). Among the potential 

Figure 53. Features of granulomas induced by S. mansoni eggs in the lung of Wt (left) and HIV (right) 
mice.
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underlying mechanisms, HIV proteins, particularly Nef, Tat and gp120, appear to be involved as 

they have been shown to play a key role in the development of endothelial injury (Almodovar, 

2014; Anand et al., 2018; Butrous, 2015; Cribbs et al., 2020a). Gp120 induces apoptosis and 

endothelial dysfunction in lung microvascular endothelial cells (Green et al., 2014). Tat was 

also shown to induce endothelial dysfunction in porcine coronary arteries (Paladugu et al., 

2003). Likewise, Nef causes endothelial dysfunction in experimental models and in human PA 

endothelial cells (Du� y et al., 2009). Moreover, Nef was shown to be transferred from immune 

cells to vascular endothelial cells resulting in endothelial activation, dysfunction and death (Wang 

et al., 2014). Of note, Chelvanambi et al. (Chelvanambi et al., 2019) have recently reported that 

Nef protein persists in the lungs of HIV patients on antiretroviral therapy, causing endothelial 

apoptosis and pulmonary vascular damage. Increased release of the proapoptotic endothelial 

monocyte-activating polypeptide II (Chelvanambi et al., 2019; Green et al., 2014) and excessive 

oxidative stress because of augmented reactive oxygen species (Agarwal et al., 2020; Anand et 

al., 2018; Wang et al., 2014) are thought to critically underlie the endothelial injury induced by 

HIV proteins. 

It is widely accepted that endothelial dysfunction is a common initiating event that 

contribute to several forms of chronic lung disease as PAH (Humbert et al., 2019; Sakao et 

al., 2009). Indeed, endothelial dysfunction is considered an initial trigger for a number of 

functional and histopathological features shared in most types of PAH, such as increased 

vasoconstriction, muscularization, intima and media thickening, vessel obliteration and 

complex plexiform lesions (Abe et al., 2010; Toba et al., 2014; Tuder et al., 2013). In the present 

study, we show that pulmonary vessels from HIV transgenic mice display moderate endothelial 

dysfunction (Figure 27), but only mild muscularization (Figure 21) and no evidence of medial 

thickening or vessel occlusion (Figure 23). Similar results have been reported in other HIV 

experimental models (Agarwal et al., 2020; Porter et al., 2013a). In contrast, exposure of HIV 

mice to schistosome eggs led to a marked suppression of endothelial-dependent vasodilation, 

indicating an exacerbation of the endothelial injury. S. mansoni egg products have been shown 

to be detrimental to endothelial cells by inducing the release of IL1-β from immune cells, 

which in turn causes endothelial cell dysfunction and apoptosis (Ritter et al., 2010). Yet, how 

parasite eggs combine with HIV proteins to exacerbate pulmonary endothelial dysfunction 

remains to be fully determined. 

Endothelial damage is critically involved in the development of obliterative pulmonary 

vascular lesions (Goldthorpe et al., 2015; Humbert et al., 2019; Tuder et al., 2013). 
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Remarkably, we found that pulmonary vessels became occluded with proliferating cells more 

frequently in egg-treated HIV compared to Wt mice (Figure 23). Moreover, cells within the 

lumen-obliterating vascular lesions expressed the endothelial cell marker vWF, indicating a 

predominance of endothelial cells and suggestive of endothelial cell proliferation (Figure 22). 

Our data suggest that parasite eggs in the lung, in the context of local and persistent expression 

of HIV proteins, aggravates endothelial injury leading to enhanced development of obliterative 

vascular lesions. � e formation of plexiform lesions represents a morphological hallmark of 

the pulmonary arteriopathy in severe PAH (Abe et al., 2010; Tuder et al., 2013). While the 

cellular and molecular mechanisms have not been fully elucidated, the current hypothesis 

postulates that the lesion is initiated by endothelial apoptosis followed by proliferation of 

apoptosis-resistant endothelial cells (Goldthorpe et al., 2015; Humbert et al., 2019; Sakao et 

al., 2009; Tuder et al., 2013). Using an approach similar to that of Toba et al. (Toba et al., 

2014), we detected a much higher proportion of plexiform-like lesions in egg-treated HIV 

than in Wt mice (Figure 23). � is is one novel � nding very relevant to the pathophysiology of 

pulmonary vascular disease, as it indicates that combined exposure to HIV and Schistosoma 

results in the early onset of pulmonary lesions that normally occurs at advanced and severe 

stages of PAH (Toba et al., 2014).

In fact, plexiform-like lesions have not been consistently found in rodent models of PAH 

(Gomez-Arroyo et al., 2012). While the mechanisms triggering these lesions are still unknown, 

it is tempting to speculate that HIV proteins such as Nef, Tat and gp120 may be involved 

(Almodovar, 2014; Anand et al., 2018; Butrous, 2015; Cribbs et al., 2020a). Further supporting 

this notion, complex pulmonary vascular lesions were observed in macaques infected with 

chimeric simian/human immunode� ciency virus (SHIV) containing Nef and in patients with 

HIV-related pulmonary hypertension (Almodovar et al., 2018; Marecki et al., 2006a). 

We found that exposure to parasite eggs nor HIV proteins alone a� ect pulmonary or RV 

hemodynamics (Figure 25-26), and that only the exposure to both led to a clear increment in 

PAP and RVSP. Similarly, previous studies in other HIV models have found a requirement for 

a “second hit”, such as cocaine (Dhillon et al., 2011), opioids (Agarwal et al., 2020) or hypoxia 

(Porter et al., 2013a), to elevate pulmonary pressure or exacerbate the density of pulmonary 

lesions (Spikes et al., 2012). As shown, exposure of HIV mice to a Schistosoma “second hit” was 

associated with suppression of endothelial-dependent relaxation (Figure 27), increased number 

of vascular occlusions and plexiform-like lesions (Figure 23), but not with exacerbated medial 

thickening (Figure 21) or cardiac remodelling (Figure 26), compared to Wt animals treated 
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with parasite eggs. In line with our data, only modest hemodynamic changes were observed in 

animals with abundant pulmonary vascular lesions due to endothelial cell apoptosis (Goldthorpe 

et al., 2015). Moreover, in the hypoxia+Sugen5416 model, restoration of endothelial shear 

responsiveness was shown to reverse intimal occlusions but with minor consequences on medial 

thickening or RVSP (Szulcek et al., 2016). 

In the present study, we aimed also at characterising the pulmonary immune landscape of 

mice exposed to HIV and Schistosoma, individually or in combination. To our knowledge, 

this is the � rst time that such a comprehensive pro� ling of pulmonary lymphoid and myeloid 

cells is performed in HIV transgenic mice, either exposed or not to schistosome eggs. � ese 

data could provide important information as to how the presence of HIV proteins in the lung 

could in� uence the composition and function of pulmonary immune cells, and also for the 

understanding of pulmonary pathologies associated to HIV infection and HIV comorbidities 

such as schistosomiasis; particularly in HIV-infected individuals treated with anti-retroviral 

therapy who bear a resemblance to HIV (Tg26) transgenic mice (Almodovar et al., 2017; 

Marecki et al., 2006b).  

First, will be discuss the similarities and di� erences in the lung immune landscape between 

untreated HIV mice and Wt counterparts, and later on, will be further covered the alterations 

observed a� er schistosome egg administration in these two types of mice.

The immune characterisation by flow cytometry of the healthy lung of C57BL/6 mice, in 

the same range of age as FVB background mice used in our study (Yu et al., 2016), showed a 

lymphoid-to-myeloid ratio with predominance of lymphoid over myeloid cells (60%/40%), 

similar to those of Wt and HIV mice in the FVB genetic background; although it was 

consistently lower (but closer to C57BL/6 values) in HIV compared to Wt counterparts 

(Figure 40). This means that, in terms of major leukocyte populations resident in the lung, 

FVB mice are quite comparable to the widely used C57BL/6 strain; and that HIV transgene 

expression does not result in a major alteration in the relative abundance of pulmonary 

lymphoid versus myeloid cells. 

When comparing the gross leukocyte content in the lung of Wt and HIV mice, we observed 

a tendency for increased leukocyte counts in the latter animals (Figure 28), suggesting 

increased leukocyte recruitment (in particular of myeloid cells) into the lung probably due 

to in� ammatory signals derived from the presence of viral proteins (Figure 17). Consistent 
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with this notion, the presence of HIV proteins in tissues leads to the recruitment of innate 

immune cells, such as neutrophils, monocytes, dendritic cells, and NK cells (Leite Pereira et 

al., 2019b). Further, it is known that an increase in blood monocytes and tissue macrophages 

precedes the onset of rapid progression to HIV in the macaque model of AIDS (Hasegawa 

et al., 2009), where increased monocyte turnover was associated with the accumulation of 

interstitial lung macrophages (Chelvanambi et al., 2019). In addition, an increase of myeloid 

lineage cells in the lung has been associated with pulmonary hypertension in HIV patients 

(Porter et al., 2013b). Furthermore, it is known that a viral reservoir remains stable in HIV-

infected patients under prolonged antiretroviral (ART) therapy (Finzi et al., 1997; Wong et 

al., 1997) and HIV DNA and/or RNA has been detected in alveolar macrophages in patients 

under ART (Cribbs et al., 2015). HIV RNA encodes for multiple molecular patterns that 

can be recognised by monocytes and dendritic cells that express receptors for them, such as 

TLR8 and TLR7, respectively (Chang et al., 2012). Also of note, in HIV-Tat transgenic mice, 

expression of the viral protein in the lung resulted in increased oxidant burden and leukocyte 

in� ltration (Cota-Gomez et al., 2011). 

When individual pulmonary immune cell subsets were comparatively analysed in HIV mice, 

we did not observe large di� erences in the relative abundance of most of the cell types studied 

(Figure 41), including T lymphocytes, eosinophils, neutrophils, monocytes and dendritic cells. 

However, in absolute cell counts, we did observe a tendency for increased T lymphocytes (Figure 

29), eosinophils/neutrophils (Figure 35) and DC1 (CD103+) (Figure 38) in HIV compared to 

Wt counterparts.  

Although B lymphocytes were not signi� cantly a� ected, either in frequency or numbers in 

HIV mice (Figure 34), they could be functionally relevant in the context of HIV proteins in the 

lung, as in vitro models have shown that viral proteins such as Nef, which is expressed in HIV 

mice (Dickie et al., 1991), can be accumulated by B lymphocytes (Qiao et al., 2006) and indirectly 

promote polyclonal B-cell activation and increased CD4+ Tcell permissiveness to infection 

with HIV. � ese e� ects were seemingly related to Nef-induced secretion of proin� ammatory 

cytokines by macrophages, which in turn upregulate the expression of costimulatory receptors 

on B lymphocytes (Swingler et al., 2003).

To be highlighted, only two leukocyte subtypes were significantly altered in the lung of 

HIV mice compared to Wt counterparts: NK cells (Figure 34) and interstitial macrophages 

(Figure 37). Pulmonary NK cells of HIV mice were significantly decreased in frequency 
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and showed a tendency for reduced numbers compared to Wt mice. NK cells contribute to 

the clearance of HIV-infected cells during the acute phase and are key antiviral effectors 

of the innate immune system. Also, deficiencies of this cell type are associated with an 

increased likelihood of HIV infection (Mikulak et al., 2017; Scully & Alter, 2016). Decreased 

representation of NK cells in the pulmonary immune landscape of HIV mice could thus 

affect the elimination of cells expressing HIV proteins, which in turn could favour the 

persistence of viral proteins that could be detrimental for the integrity and/or function of 

different cells types in the lung.

With regard to pulmonary interstitial macrophages, a signi� cantly increased proportion 

(and a tendency for higher numbers) was observed in HIV compared with Wt mice (Figure 

37). Interstitial macrophages (IM) are a macrophage subset located in the lung parenchyma, 

in contrast to the so-called alveolar macrophages (AM) residing in the airways. Hence, the 

increase in IM in HIV mice suggests the in� ltration of the parenchyma by monocytes that 

di� erentiate later to IM. In line with this, increased monocyte turnover was associated with 

the accumulation of pulmonary IM in SIV-infected rhesus macaques (Cai et al., 2015). Mouse 

IM could exhibit some antigen-presenting capacity, as suggested by an earlier report (Gong 

et al., 1994). � us, in HIV mice, a scenario could be envisaged where local expression of HIV 

proteins could result in the recruitment of monocytes into the lung and their di� erentiation 

in IM, which in turn could act as both proin� ammatory cells and antigen-presenting cells 

for subsequent T cell responses. In further agreement with this notion, HIV mice showed a 

consistent tendency for increased abundance of monocytes of the in� ammatory type in the 

lung (Figure 36).

HIV mice also showed alterations in the surface expression of some immune cell markers in 

the lung, notably those of T cells such as the CD4/CD8 coreceptors and CD27 (Figure 30). All 

these surface molecules were signi� cantly upregulated in pulmonary αβ T cells from HIV mice 

compared to Wt counterparts. 

CD27 is a surface protein constitutively expressed by naive T cells that plays an important role 

in proliferation, survival, and di� erentiation of T cells. In particular, CD27 promotes immune 

activation and enhances primary, secondary, memory and immune responses to viral infections 

(Grant et al., 2017). CD27 expression increases following activation of CD4 or CD8 cells via the 

TCR pathway. � us, our � ndings strongly suggest a sustained activation of αβ T lymphocytes 

in the lung of HIV mice. Similar observations were made in a study with HIV patients under 
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ART, where the expression of CD27 on CD4 and CD8 αβ T cells was higher in ART-HIV-1 

individuals compared to healthy ones (Leite Pereira et al., 2019b). In that study it was suggested 

that the persistent T cell activation could be associated either to residual viral replication or 

to HIV-dependent in� ammatory mechanisms. It has been also proposed that the constitutive 

engagement of CD27 by CD70 promotes T cell exhaustion, and that the high levels of surface 

CD27 observed in HIV patients could contribute to the loss of T cell e� ector functions (van 

de Ven & Borst, 2015). Taken together, these reports would support the notion that HIV mice 

resemble ART-treated HIV-infected individuals in that of persistent activation and potential 

functional exhaustion of αβ T cells. 

HIV mice also showed upregulated levels of surface CD11b in immune cells of the 

lung (Figure 39). CD11b is the α chain of the heterodimeric integrin known as Mac-1 

(macrophage-1 antigen), which is composed by the αM chain (CD11b) associated to the 

β2 (CD18) chain. As part of Mac-1, CD11b is expressed in myeloid-lineage cells such as 

monocytes/macrophages, neutrophils, eosinophils and basophils, and in lymphoid cells 

such as NK and peritoneal B-1 cells (Corbi et al., 1988). Mac-1 binds multiple ligands, 

including ICAM-1 (CD54), ICAM-2 (CD102), and fibrinogen. CD11b participates in many 

proinflammatory biological processes primarily associated with controlling infection. 

For instance, in response to inflammatory stimuli, it mediates leukocyte activation and 

accumulation at the sites of inflammation, by increasing leukocyte rolling, stable adhesion, 

crawling and transmigration across blood vessels (Khan et al., 2018). CD11b was found 

overexpressed in blood granulocytes, monocytes, mDCs, NK and T cells from HIV patients 

under ART (Leite Pereira et al., 2019a). In HIV mice, CD11b surface expression was 

particularly upregulated in lung macrophages and patrolling monocytes, further suggesting 

the occurrence of a low-intensity but persistent inflammatory process in the lung of HIV 

mice due likely to the local expression of HIV proteins. 

We also aimed at characterizing the alterations in the pulmonary cytokine landscape of HIV 

mice in comparison with Wt counterparts. HIV mice showed a signi� cant increase in global 

IFN-γ expression in the lung (Figure 45-46), with TCRint-hi γδ T cells (but not CD4 αβ T cells) 

and myeloid cells (likely macrophages, according to the immuno� uorescence images) appearing 

as the main contributors of this cytokine. 

Increased abundance of IFN-γ in the lung of HIV mice could have indirect but relevant e� ects 

on local antigen presentation and ensuing activation of CD4 αβ T cells, not only by macrophages 
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but also by � broblasts with heightened levels of MHC class II molecules (Dolei et al., 1992). Also, 

IFN-γ along with IL-8 have been shown to be in� ammatory markers of pulmonary vascular 

disease, particularly in PAH (Morris et al., 2012).  

With regard to pulmonary expression of Type 2 cytokines, HIV mice showed no alterations 

in IL-4 (Figure 47-48) but increased expression of IL-13 by CD4 T cells and myeloid cells Figure 

49-50).

In regard to IL-17A, HIV mice showed a tendency for increased pulmonary expression of 

this cytokine compared to WT counterparts (Figure 51-52), which was associated mainly with 

TCRint-hi γδ T cells. Since IL-17A is a potent pro� brotic cytokine, these observations could be 

related to the higher levels of perivascular � brosis detected in HIV mice (Wynn, 2011).

� e distinctive features of the pulmonary immune landscape of HIV mice and their potential 

relevance to development of lung disease are summarized in Figure 54.

(1) HIV proteins are expressed in the lung of HIV transgenic mice (Figure 17). (2,6,7) HIV 

proteins, particularly Nef, Tat and gp120, have been shown to play a role in the development 

of endothelial injury (Almodovar, 2014; Anand et al., 2018; Butrous, 2015; Cribbs et al., 

2020a). In the present study, we observed that pulmonary vessels from HIV mice displayed 

endothelial dysfunction (Figure 27), which is a precursor of the development of HIV-

associated cardiovascular and lung disease (11) that contribute substantially to morbidity 

and mortality in humans (Almodovar, 2014; Anand et al., 2018; Butrous, 2015; Cribbs et al., 

2020a). (3) In the lung, antigen presenting cells could recognize HIV-1 proteins and mediate 

leukocyte recruitment (4). In fact, HIV mice showed a tendency for increased leukocyte 

counts in the lung (Figure 28), but with a different lymphoid/myeloid composition with 

increased myeloid recruitment (Figure 40). Antigen presenting cells could also mediate αβ 

T cell activation (5) with upregulation of T-cell activation markers. (9) IL-17 production by 

activated leukocytes (in particular γδ T cells) (Figure 51-52), could promote perivascular 

fibrosis (10) (Figure 24). (8) Enhanced IFN-γ production by γδ T cells and myeloid cells 

(Figure 45-46) could counterbalance the fibrotic effect of IL-17. Nevertheless, IFN-γ 

production can promote endothelial injury.
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We also analyzed the impact of embolization of schistosome eggs into the lung in 

the pulmonary immune cell and cytokine landscape of HIV mice in comparison with Wt 

counterparts, aiming at de� ning the impact of HIV and Schistosoma co-exposure in lung 

pathophysiology and the speci� c contribution of immune cells and their products.

From the comparative analysis of schistosome egg-treated HIV mice with Wt counterparts, 

we � rst observed that parasite egg administration resulted in a noticeable increase in the 

pulmonary leukocyte content in both Wt and HIV mice (Figure 28), most likely due to 

in� ltration of blood leukocytes, which is in line with observations in the context of HIV 

infection and schistosomiasis, and mouse models of schistosome-induced PAH. Schistosome 

egg administration caused a similar reduction in the lymphoid-to-myeloid ratio in Wt and 

HIV mice when compared to untreated mice, indicating a predominance of myeloid cells 

in the leukocyte in� ltrate in both mice; although myeloid cells were consistently more 

abundant in HIV than in Wt mice (Figure 40). � ese results indicates that combined HIV 

and Schistosoma co-exposure favours a biased recruitment of blood myeloid cells into lung. 

� is could be of pathological relevance as increased myeloid cells have been found in HIV-

associated pulmonary hypertension (Porter et al., 2013) and � brosis (Calabrese et al., 2013). 

In addition, a myeloid-to-lymphoid pro� le similar to that of egg-treated HIV mice has been 

reported for IPAH and PAH (Rabinovitch et al., 2014).

HIV and schistosome co-exposure resulted in a markedly increase of monocytes of the 

patrolling type (Figure 36). Described “patrolling” behaviour of migrating lung monocytes 

as well as their localization at the interface between the capillaries and the alveoli suggested 

an immune surveillance function of these cells (Rodero et al., 2015), although monocytic 

cells could also be pathogenic as inducers of fibrosis in the context of schistosomiasis 

(Fernandes et al., 2014). Thus, lung patrolling monocytes could be involved in the 

exacerbation of fibrosis observed in egg-treated HIV mice. Notably, the latter mice showed 

a consistent tendency for decreased abundance of lung inflammatory monocytes, likely due 

to their enhanced differentiation into interstitial macrophages in the context of HIV and 

schistosome co-exposure; as suggested by the largely increase of interstitial macrophages in 

egg-treated HIV mice.

Eosinophilia is a typical trait of the granulomatous response to S. mansoni eggs in both humans 

and experimental mice (Pagán & Ramakrishnan, 2018b). Levels of pulmonary eosinophils 
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(de� ned as CD11b+GR1med cells, which could also include a minority of neutrophils), were 

increased to a much lesser extent in egg-treated HIV mice compared to Wt counterparts (Figure 

35); suggesting an impaired recruitment of eosinophil into the lung in the former animals. � e 

reasons for this are yet to be determined.

With regard to the lymphoid immune landscape in the lung of HIV and schistosome co-

exposed mice, major changes were associated with NKT and γδ T cells, with both lymphoid 

subsets being increased in egg-treated HIV mice compared with Wt counterparts. 

NKT cells play a role in anti-infection, anti-tumoral, transplantation immunity, and 

autoimmune regulation. In addition, NKT cells, are able to rapidly produce cytokines, 

modulate the TH1/TH2 balance, and can stimulate or suppress immune responses in the lung 

(Rijavec et al., 2011). � e literature about NKT cells and their involvement in PVD is scarce. 

In a study with Schistosoma japonicum-infected mice (Cha et al., 2016) the abundance of 

lung NKT cells was decreased compared to that of uninfected mice, which di� er completely 

from our results with S. mansoni eggs (Figure 31), probably due to the infectious versus non-

infectious approach used. In other study comparing PAH patients and controls a tendency 

for increased blood NKT cell was observed in the former individuals, although this was not 

signi� cant (Perros et al., 2013). 

γδ T cells are important mediators in pulmonary host defence that allow immediate responses 

to pathogens, being considered tissue-resident immune cells (Cheng & Hu, 2017). Lung resident 

γδ T cells can be activated by antigens, pathogen‐associated molecular patterns (PAMPs), 

damage‐associated molecular patterns (DAMPs), activating receptor ligands or cytokine 

signalling. During viral infections, activated lung γδ T cells produce several types of cytokines, 

among which some inhibit virus replication and some induce or inhibit lung in� ammation 

(Cheng & Hu, 2017).

In the mouse lung, two subsets of γδ T cells are distinguished based on the surface expression 

of the antigen receptor: TCRγδlo-int and TCRγδint-hi cells (Paget et al., 2015). TCRγδhi cells have 

been also detected in humans (El Hentati et al., 2010) and notably, they were increased in HIV-

infected individuals (Dunne et al., 2018). 

TCRγδlo-int and TCRγδint-hi cells were comparable in frequency and numbers in Wt and 

HIV mice (Figure 32), but in the latter and not in the former mice, TCRγδint-hi cells displayed 
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upregulated surface CD27; consistent with their being activated cells. Upon schistosome egg 

administration, TCRγδint-hi cells were augmented more prominently in HIV mice than in 

Wt counterparts (Figure 32). � is suggests a preferential recruitment and/or expansion of 

TCRγδint-hi cells in the context of co-exposure to HIV and parasite egg products.

γδ T cells have been implicated in various in� ammatory diseases with distinct aetiology (Lu 

et al., 2017). In HIV mice, but particularly in egg-treated ones, pulmonary TCRγδint-hi cells could 

also act as important proin� ammatory cells causing disease. In line with this, depletion of γδ 

T cells resulted in decreased in� ammation and disease severity in a mouse model of viral lung 

disease (Dodd et al., 2009). Moreover, γδ T cells were detected in close proximity to arteries 

in the lungs of normal individuals and IPAH patients, but with higher frequency in the latter 

(Marsh et al., 2018). 

We also aimed at characterising the pulmonary cytokine landscape in the context of HIV 

and schistosome co-exposure in our mouse model, focusing on the tissue locations and cellular 

sources of various cytokines.

Type I responses are characterized by production of the signature cytokine IFN-γ. � is 

cytokine was increased to a large extent in perivascular and intravascular locations of perivascular 

granulomas in egg-treated HIV mice, while only a minor increase restricted to perivascular 

areas was detected in Wt counterparts (Figure 46). CD4+ T cells and TCRint-hi γδ T cells, and to 

a lesser degree myeloid cells, were the main cellular sources of IFN-γ in the lung of HIV mice 

(Figure 45). Heightened IFN-γ expression in pulmonary γδ T cells of HIV mice is atypical, as 

the normal predominant population of γδ T cells in the lung are CD27-CCR6+ cells producing 

solely IL-17 (Cheng & Hu, 2017). In contrast, pulmonary γδ T cells from both untreated and 

egg-treated HIV mice showed a mayor subset of CD27+CCR6+ cells (Figure 33). � is unique 

phenotype appears to be associated with the expression of HIV proteins in the lung of HIV mice, 

where it was further favored by egg administration, while in Wt γδ T cells was only manifest 

upon egg treatment (Figure 33). 

Regarding the production of IFN-γ by pulmonary myeloid cells (Figure 45-46), human 

macrophages derived from monocytes in vitro, using IL-12 and IL-18 or macrophage colony-

stimulating factor (M-CSF), were able to produce IFN-γ when further stimulated with IL-12/

IL-18. In addition, naturally activated alveolar macrophages immediately secreted IFN-γ upon 
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treatment with IL-12 and IL-18 (Darwich et al., 2009). Also, exogenous IFN-γ could induce 

IFN-γ mRNA expression in uninfected alveolar macrophages (Fenton et al., 2021). � erefore, 

lung macrophages in addition to T cells may contribute to the IFN-γ response, providing another 

link between the innate and acquired immune response. 

Expression of IFN-γ is of relevance to pulmonary disease, as lung cells sense IFN-γ and its 

levels were elevated in sera from patients with systemic sclerosis associated PAH (Kirby et al., 

2007). In addition, IFN-γ promotes vascular remodelling in human microvascular endothelial 

cells by upregulating endothelin (ET)-1 and TGF-β (Chrobak et al., 2013), which correlates 

with the increased presence of plexiform-like lesions observed in mice co-exposed to HIV and 

parasite eggs. 

Type 2 responses, characterized by IL-4 and IL-13 production, have been reported to be 

typical in schistosomiasis, particularly during granuloma formation in the lung (Kumar et 

al., 2019). High levels of IL-4 and IL-13 were observed in the lungs from mice treated with 

S. mansoni eggs, while mice with deficient Type 2 immunity, by combined deletion of IL-4 

and IL-13, are protected from Schistosoma-induced pulmonary hypertension (Kumar et 

al., 2015). Our data corroborates these findings to some extent, since IL-4 expression was 

similarly upregulated in granulomas from egg-treated HIV and Wt mice (Figure 47-48); 

while IL-13 was more markedly increased in egg-treated HIV mice than in Wt counterparts 

(Figure 49-50).

CD4 T cells have been directly implicated in PAH associated to schistosomiasis (SchPAH). 

A general concept in SchPAH pathogenesis is that an in� ammatory cascade is triggered by 

parasite eggs, as part of the host immune response that seeks to eliminate the parasite and 

control the infection (Sibomana et al., 2020). Mechanistically, in this in� ammatory cascade, 

the parasite eggs would induce the activation and antigen presentation by DCs to CD4 cells, 

causing their di� erentiation into � 2 cells producing IL-4 and IL-13, among other cytokines. 

� ese type 2 cytokines would promote monocyte recruitment and TGF-β release. TGF-β-

induced production of trombospondin-1 (TSP-1) by monocytes would cause endothelial and 

smooth muscle cell remodelling, ultimately leading to PH (Kumar et al., 2017). � us, CD4 � 2 

cells would be instrumental at the beginning of the egg-induced immune response leading to 

pulmonary vascular pathology. 
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From the HIV side, CD4 T cells seems not to have an important role on the development of 

HIV-related PH, where disease progression appears to be related more to the duration of HIV 

infection (Farber & Loscalzo, 2004). In line with this, a recent study found that the number 

of alveolar CD4 T cells in HIV-infected adults was comparable to that in uninfected controls 

(Mwale et al., 2017b). In contrast, immunohistochemical studies in lung tissue sections from 

patients with iPAH and healthy donors showed a signi� cant increase in CD4 and CD8 T cells 

in the adventitial space of the pulmonary vasculature (Savai et al., 2012), although their direct 

pathological relevance was not determined.

In contrast to the above studies, where the relevant cells expressing IL-4/IL-13 appears to be 

� 2 CD4 T cells, in egg-treated HIV mice these cytokines were produced mainly by pulmonary 

myeloid cells (Figure 47 & 49). Although the precise identity of these myeloid cells is still to be 

established, their size, morphology and location within the granuloma is consistent with them 

being macrophages (Figure 47 & 50). 

With regard to IL-17A expression in the lung, cells expressing this cytokine were augmented 

in egg-induced perivascular granulomas of both HIV and WT mice, but more markedly in HIV 

mice; both around and within vessels (Figure 51). Of note, CD4 and γδ (TCRint-hi) T cells were 

the main producers of IL-17A in HIV mice following egg administration, while in Wt mice only 

γδ (TCRint-hi) T cells were augmented (Figure 52). � is suggest that combined exposure to HIV 

proteins and schistosome eggs in the lung recruits and stimulates a larger variety of IL-17A-

producing cells compared to the individual exposure. In line with this, IL-17 was induced in 

CD4, NKT, and γδ T cells following PMA/ionomycin stimulation, but γδ T cells exhibited the 

largest increase in expression (Chen et al., 2013). 

� 17 e� ector cells can be induced in parallel to � 1 cells, and both types colocalize regionally 

and may require each other for recruitment into the region (Luger et al., 2008). HIV-1-speci� c 

IL-17-producing CD4 T cells were detectable in early HIV-1 infection, but were reduced to non-

detectable levels in chronic and non-progressive HIV-1 infection patients. Of note, the virus-

speci� c � 17 cells in early HIV-1 infection produce not only IL-17 but also co-expressed other 

cytokines, including IFN-γ (Yun et al., 2008). � is is consistent with our data showing abundant 

� 1 and � 17 cells in perivascular granulomas of egg-treated HIV mice, and notably inside 

occluded vessels (Figure 45 & 51). 
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In experimental animal models of hypoxia-induced PH, � 17 cells have been shown to play a 

pathogenic role (Hashimoto-Kataoka et al., 2015; Maston et al., 2017). Moreover, puri� ed CD4 

T cells from PAH patients expressed a higher level of IL-17 a� er activation than did those from 

control subjects (Hautefort et al., 2015). Furthermore, in a mouse model of silica-induced lung 

in� ammation and � brosis, it was found that IL-17A production by γδ T cells and � 17 cells was 

required for early lung neutrophilic in� ammation and acute tissue injury (Lo Re et al., 2010). 

Also of note, T cells and γδ T cells in particular have been identi� ed as proin� ammatory and 

pro� brotic mediators in the initiation and progression of pulmonary � brosis, partly by producing 

IL-17 (Wynn, 2011). Indeed, reducing IL-17 activity using anti-IL-17A antibodies decreased 

in� ltration of in� ammatory cells and collagen deposition in the liver of esquistosome-infected 

C57BL/6 mouse (Chen et al., 2013). Taken together, these and our data suggest that IL-17 could 

be a critical mediator of pulmonary pathology and granuloma formation. 

Collectively, the above data indicate that a markedly increase of cytokines occurs in the lung of 

egg-treated HIV mice compared to Wt counterparts. � us, in HIV and Schistosoma co-exposed 

mice, there was an exacerbation of type 1 and 17 proin� ammatory responses, in contrast to the 

typical response to schistosome eggs where a type 2 response is the predominant one; at least at the 

beginning of the response. � is increase in IFN-γ and IL-17 could be underlying, at least partly, 

the exacerbation of � brosis, vascular remodelling, endothelial damage and abnormal granuloma 

formation, which in turn could be instrumental for the development and progression of pulmonary 

vascular pathology associated to HIV and Schistosoma co-exposure (Figure 55 & 56).

In our model, unlike previous studies (Graham et al., 2013; Kumar et al., 2015a, 2019a), 

lung embolization of schistosome eggs was not associated with overt PH or cardiac remodeling. 

� is resembles previous studies in mouse models of experimental schistosomiasis (Crosby et 

al., 2010; Graham et al., 2010) where, as in our study, an increased muscularization of small 

pulmonary vessels, thickening of the medial layer and even occasional plexiform-like lesions 

could be observed (Crosby et al., 2010). Di� erences in experimental conditions such as altitude 

(Denver vs Madrid) or mouse genetic background (C57BL/6 vs FVB) (Gharavi et al., 2004) could 

explain discrepancies among studies. Likely, a more overt e� ect on pulmonary hemodynamic 

would be expected with a longer pulmonary exposure to parasite eggs. However, increased 

mortality exhibited by untreated and particularly egg-treated HIV mice impeded analyses 

of a high number of animals at later time points. � e causes of this higher mortality remain 

unknown. In any case, the number of mice and duration of the experimental protocol could be 

adjusted according to the increased mortality associated to HIV mice.
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Our non-infectious mouse model of HIV and Schistosome co-exposure, in contrast with 

other models, avoid the systemic e� ects associated to infection that could confound the 

interpretation of results (Arakelyan et al., 2019). Also, it precludes potential misleading e� ects 

due to interaction of live HIV with a live parasite, for instance, the integration of HIV-1 in the 

genome of S. mansoni (Suttiprapa et al., 2016). From the technical point of view, our model 

circumvent the laborious protocols and the variability of the outcome typically associated to 

reconstitution approaches, such as humanized mice (Cribbs et al., 2020b). � e potential for 

long-term storage of the parasite eggs is also an advantage (Joyce et al., 2012).

Schistosomiasis and HIV infection represent two of the most common causes of pulmonary 

vascular pathology worldwide. Due to their high incidence globally and in endemic areas, it is 

conceivable that many individuals are co-infected. In the present study, we describe for the � rst 

time the impact of combined HIV and Schistosoma exposure on the pulmonary vasculature; and 

provide a novel insight of the structural and functional alterations occurring as a result of such 

HIV-Schistosoma interaction. Our work suggests that persistent expression of HIV proteins 

in the lungs, as occurs in ART-treated HIV-infected people, may cause an initial endothelial 

insult that may be aggravated in a subsequent Schistosoma infection; and foster ultimately the 

development of pulmonary vascular pathology. 
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A novel mouse model of HIV and Schistosoma co-exposure was analyzed to understand 

the impact of co-exposure on the pulmonary vasculature and development of vascular disease. 

Conclusions are as follows:

1. Pulmonary expression of HIV proteins, as occurs in HIV mice, impairs the 

granulomatous response to embolized schistosome eggs, resulting in smaller and 

dysfunctional granulomas with markedly reduced capability for egg clearance.

2. Persistent expression of HIV proteins in the lungs of HIV mice, as occurs in ART-treated 

HIV-infected people, may cause an initial endothelial insult that may be aggravated in 

a subsequent exposure to Schistosoma; leading ultimately to the development of overt 

pulmonary vascular pathology.

3. Pulmonary persistence of HIV proteins and parasite eggs in the co-exposure setting 

caused exacerbated endothelial dysfunction and remodelling, and associated 

augmentation of the pulmonary arterial pressure.

4. HIV and Schistosoma co-exposure altered the pulmonary immune cell and cytokine 

landscape in a manner compatible with exacerbation of in� ammation, which in turn 

could be partly underlying the pathological alterations of the vascular endothelium.

5. � e structural and functional changes in the pulmonary vasculature correlated with an 

altered pulmonary immune landscape in co-exposed mice, characterized by increased 

abundance of γδ T cells with intermediate-to-high levels of surface TCR and upregulated 

Conc lus ions
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CD27, patrolling-type monocytes and interstitial and alveolar macrophages, and 

heightened expression of IFN-γ/IL-17A by TCRint-hi γδ T cells and CD4 T cells, and 

IL-4/IL-13 in myeloid cells; which globally suggest a shi�  in T cells from a type 2 

to a type 1/17 pro-in� ammatory phenotype and enhanced local in� ammation with 

relevance to development of vascular pathology.

6. � e mouse model of HIV and Schistosoma co-exposure provides a suitable experimental 

model for the understanding of pulmonary vascular disease associated to the HIV 

and Schistosoma co-morbidity, and for testing novel therapeutical strategies for the 

treatment of co-infected people.
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One of the most relevant � ndings of this doctoral thesis was the exacerbation of endothelial 

remodelling and dysfunction occurring in the pulmonary vasculature of mice co-exposed to 

HIV and Schistosoma. � ese particular vascular alterations correlated with changes in the 

pulmonary immune landscape and increased PAP.

Future research to solve unanswered questions posed by the thesis and to shed light on the 

HIV and Schistosoma pulmonary co-morbidity in humans could be focused on:

 — In vitro studies to de� ne the molecular and cellular mechanisms underlying the 

pulmonary vascular pathology in the co-exposure setting, for instance, with 

microvascular endothelial cells exposed or not to particular HIV proteins and parasite 

egg products. � ese studies could provide information on: 1) the identity of particular 

viral protein and schistosome egg molecule responsible for the endothelial damaging 

e� ects; 2) whether or not a direct interaction with the endothelium is required and 3) 

the potential role of speci� c cytokines highlighted by the thesis.

 — Since there are only poor estimates of HIV and Schistosoma co-infection in humans, it 

would be informative to conduct population studies in collaboration with laboratories 

and clinicians in countries where the incidence of HIV and Schistosoma is high, such 

as Nigeria, � ailand or Brazil, to obtain data on co-infected patients and to assess the 

real extent of co-infection. It would be also of interest to obtain data on mortality and 

association to pulmonary vascular disease in co-infected patients. Since the clinical 

resources in a� ected countries are o� en limited, the aim would be to set up easy-to-

perform non-invasive diagnostic tests, in combination with more speci� c tests such as 

Future  Direct ions
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transthoracic echocardiography, when possible. In addition, establishment of a biobank 

of lung samples from individuals infected with HIV and Schistosoma, individually 

or in combination, could be instrumental for further understanding of the HIV and 

schistosomiasis pulmonary co-morbidity.

 — Our mouse model of HIV and Schistosoma co-exposure revealed an altered pulmonary 

immune landscape that could be relevant in the development of pulmonary vascular 

disease. � us, it would be interesting to assess in humans exposed to HIV and 

schistosome those immunological parameters particularly a� ected by the co-exposure. 

For instance, analysis of blood cytokines might corroborate the shi�  from a Type 2 to 

a pro-in� ammatory Type 1/17 cytokine response observed in co-exposed mice, and 

serve as a marker of progression of pulmonary disease in co-infected humans. Also, as 

HIV (Tg26) transgenic mice somehow resemble the situation of HIV-infected ART-

treated individuals, the information about the pulmonary immunological status in the 

mouse model could help to understand the susceptibility of these human counterparts 

to develop pulmonary vascular disease.  
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