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Ticks are blood-feeding arthropod ectoparasite vectors of pathogens affecting
human and animal health worldwide by increasing the prevalence of infec-

tious diseases and allergic reactions such as the Alpha-Gal Syndrome (AGS).

Actually, tick-borne pathogens (TBPs) implicated in infestations and disease
development are controlled mainly using chemical acaricides, with the harm-
ful causes they generate on the environment and the selection of resistant
ticks.

Vaccines are considered the most effective and eco-sustainable solution to
control pathogen infection, multiplication and transmission, which is why om-
ics technologies and bioinformatic tools have been optimized at the molecular

and physiological level, identifying possible candidate protective antigens.

This doctoral thesis focuses on the characterization of the role of the car-
bohydrate alpha-Gal in vector-host-pathogen molecular interactions and the
AGS. The results support alpha-Gal as candidate antigen to develop vaccines
for the control of major infectious diseases and reduce the use of acaracides

in support of the One Health approach.
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This chapter highlights the importance, variety and modifications that al-
pha-Gal presents in tick cementome and sialome proteins, being able to mod-

ulate the host’s immune system.

In , a proteomics approach is used for the identification and
characterization of proteins from tick species associated with the AGS in the
United States (Amblyomma americanum) and Australia (Ixodes holocyclus) analyzing
tick salivary glands (sialome SG), secreted saliva (sitalome SA) and identifying

those proteins with alpha-Gal modifications (alphagalactome SG and SA).

Thus, we provided candidate proteins such as cytoglobin-1, 14-3-3 family
chaperone and vitellogenin-1 to advance in the characterization of the func-
tion of tick glycoproteins with alpha-Gal modifications in tick immune-medi-
ated mechanisms and possible targets for diagnostic, prevention and control
of the AGS.

Similarly, in a proteomics approach is used to characterize the
proteome of tick Rhupicephalus microplus salivary glands (sialome) and cement
(cementome) together with their physical and chemical properties at different

adult female parasitic stages.

We propose that some identified proteins and other biomolecules such as al-
pha-Gal may modulate the biochemical properties of cement in its formation,

solidification, maintenance and function, changing the tick’s feeding adaptation.

Chapter 2: Immune response to alpha-Gal and implica-
tions for the Alpha-Gal Syndrome (AGS).

This chapter provides a broad overview of the allergic reactions triggered by
the alpha-Gal carbohydrate present in glycoproteins from tick saliva. These
glycoproteins with alpha-Gal modifications can induce in some individuals
the production of high levels of anti-alpha-Gal IgE antibodies, which in most

cases confirms the development of AGS symptoms.



Abstract

However, the classical diagnosis of the AGS only measures anti-alpha-Gal
IgE levels without considering all co-factors related to the clinical history that
may affect the outcome of disease symptoms in alpha-Gal sensitized patients.
Therefore, Chapter 2A proposes to include a complementary approach that
also integrates the quantitation of tick sialome immunoreactive proteins and
immune response markers such as interleukins (IL) IL-1 and IL-4 serum and/

or mRNA levels for a more effective diagnosis of AGS.

Chapter 2B addresses this proposal by focusing on a dataset that compares
cofactors such as blood group, age and sex on the IgE/IgM/IgG/IgA an-
ti-alpha-Gal antibody response in healthy individuals and patients diagnosed
with AGS, tick-borne allergies, GBS and COVID-19. This approach could
provide insights into the role of anti-alpha-Gal antibody response in disease

symptomatology and possible protective mechanisms.

In Chapter 2C we highlight a differential regulation in the antibody respon-
se to alpha-Gal in individuals with GBS compared to patients with allergic
reactions in response to tick bites. The immune pathways of anti-alpha-Gal
IgeM/IgG and IgE production are independent and there are differences in
the correlation analysis with respect to the different cases of GBS and aller-
gy-type reactions to tick bites providing a new pipeline into the immune-me-

diated mechanisms associated with GBS.

We close this section by establishing a new animal model using zebrafish for
the study of allergic reactions and the immune mechanisms in response to
Rlupicephalus sanguineus saliva and its biogenic substances such as alpha-Gal

and PGE, as well as red meat consumption (Chapter 2D).

We suggest evidence of similarities in alpha-Gal content and anti-alpha-Gal
antibody response in humans and zebrafish after inoculation of these com-
pounds in this animal model. Finally, basophils and some zebrafish immune
response and food allergy markers such as interleukin-1beta perform a key role
in the regulation of allergic reactions associated to tick saliva in tissue-specific

Toll-like receptor (TLR) mediated responses in T helper cells.
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Chapter 3: Protective capacity and mechanisms in
response to alpha-Gal.

This chapter assesses the capacity of alpha-Gal to be used as a vaccine for the

control of tuberculosis caused by Mycobacterium marinum in zebrafish model.

It provides a different perspective according to the proteomic approach used
where alpha-Gal now also acts by inducing immune responses for the control
of infections and multiplication of pathogens containing the alpha-Gal modi-

fication on their surface.

Chapter 3A addresses the protective effectiveness of vaccination with al-
pha-Gal using adjuvated and not adjuvated vaccine formulations. Results
provided evidence that vaccination was effective developing protective me-
chanisms including B-cell maturation, antibody-mediated opsonization of
mycobacteria, Fc receptor-mediated phagocytosis, macrophage response, in-
terference with the alpha-Gal antagonistic effect of the TLR2/NF-kB-media-

ted immune response, and upregulation of pro-inflammatory cytokines.

In Chapter 3B, we propose a new model of vaccines using probiotics pre-
pared with bacteria from the gut microbiota with high alpha-Gal content as
an alternative to the use of antibiotics due to pathogens resistance and water
contamination that they generate, among many other serious consequences.
Probiotics containing Aeromonas veronit or Pseudomonas entomophila are biosafe
and effective for the control of fish mycobacteriosis and are suggested, alone
or in combination with alpha-Gal, for the control of infectious and/or allergic

diseases.

Identically to Chapter 3A, we observe all the protective mechanisms that
we mentioned above including beneficial effects on nutrient metabolism and

reduced oxidative stress.



Las garrapatas son ectoparasitos artropodos que se alimentan de sangre. Ac-
tian como vectores de patégenos, afectando la salud humana y animal por
todo el mundo al aumentar la prevalencia de enfermedades infecciosas y re-

acciones alérgicas como es el sindrome de alfa-Gal (AGS).

Actualmente, los patdégenos transmitidos por garrapatas (IBPs) implicados en
infestaciones y desarrollo de enfermedades son controlados principalmente me-
diante acaricidas quimicos, con los efectos nocivos que éstos pueden generar

tanto sobre el medio ambiente, como por la seleccion de garrapatas resistentes.

Las vacunas son consideradas como la soluciéon mas eficaz y ecosostenible
para controlar la infeccion, multiplicacion y transmision de patdégenos, por lo
que las tecnologias 6micas y herramientas bioinformaticas se han optimizado
a nivel molecular y fisiologico, identificando posibles candidatos como anti-

genos pI‘OtCCtOI‘CS.

Esta tesis doctoral se centra en la caracterizacion del papel del carbohidra-
to alfa-Gal en las interacciones moleculares vector-hospedador-patégeno y
el AGS. Los resultados respaldan como antigeno candidato a la molécula de
alfa-Gal para el desarrollo de vacunas para el control de las principales en-
fermedades infecciosas y, con ello, reducir el uso de acaricidas en apoyo del

concepto de “Una Salud”.
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En este capitulo se destaca la importancia, variedad y modificaciones que
presenta el alfa-Gal en las proteinas del cementoma y sialoma de la garrapata,

siendo capaz de modular el sistema inmunolégico del hospedador.

En el , se usa un enfoque protedémico para la identificacion y
caracterizacion de proteinas de especies de garrapatas asociadas con el AGS
en los Estados Unidos (Amblyomma americanum) y Australia (Ixodes holocyclus),
analizando las glandulas salivales de las garrapatas (staloma SG) y la saliva

secretada (staloma SA) e identificando aquellas proteinas con modificaciones

de alfa-Gal (alfagalactoma SG y SA).

Asi, proporcionamos proteinas candidatas como son la citoglobina-1, la cha-
perona de la familia 14-3-3 y la vitelogenina-1 para avanzar en la caracteri-
zacion de la funcion de las glicoproteinas de garrapata con modificaciones de
alfa-Gal sobre los mecanismos inmunes mediados por garrapatas, asi como

posibles dianas para el diagnostico, prevencion y control del AGS.

De manera similar, en el se utiliza un enfoque proteémico para
caracterizar el proteoma de las glandulas salivales (sialoma) y el cemento (ce-
mentoma) de la garrapata Rhipicephalus microplus junto con sus propiedades

fisicas y quimicas en diferentes etapas parasitarias de hembras adultas.

Proponemos que algunas de las proteinas identificadas, y otras biomoléculas
tales como el alfa-Gal, pueden modular las propiedades bioquimicas del ce-
mento en su formacion, solidificaciéon, mantenimiento y funcién, cambiando

la adaptacion a la alimentacion de la garrapata.

Capitulo 2: Respuesta inmune frente a alfa-Gal e implica-
ciones en el sindrome de alfa-Gal (AGS).

Este capitulo ofrece una amplia descripcion general de las reacciones alér-
gicas desencadenadas por el carbohidrato alfa-Gal presente en las glicopro-

teinas de la saliva de las garrapatas. Estas glicoproteinas con modificaciones
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alfa-Gal pueden inducir, en algunos individuos, la produccién de altos niveles
de anticuerpos anti-alfa-Gal IgE, lo que en la mayoria de los casos confirma
el desarrollo de sintomas de AGS.

Sin embargo, el diagnostico clasico de AGS s6lo mide los niveles de IgE an-
ti-alfa-Gal, sin considerar todos los cofactores relacionados con el historial
clinico que pueden afectar el resultado de los sintomas de la enfermedad en
pacientes sensibilizados al alfa-Gal. Asi, el Capitulo 2A propone incluir un
enfoque complementario, que integra también la cuantificacién de proteinas
inmunorreactivas del sialoma de garrapatas y los marcadores de respuesta in-
munitaria, como son las interleucinas (IL) IL-1 e II.-4 en suero y/o los niveles

de ARNm, para un diagnostico mas eficaz del AGS.

El Capitulo 2B aborda esta propuesta centrandose en una base de datos
que compara cofactores como el grupo sanguineo, la edad y el sexo en la
respuesta de anticuerpos IgE/IgM/IgG/IgA anti-alfa-Gal en individuos
sanos y pacientes diagnosticados con AGS, con alergias transmitidas por
picaduras de garrapatas, con el sindrome de Guillain-Barré (GBS) vy, final-
mente, con pacientes con COVID-19. Este enfoque podria proporcionar
informacion sobre el papel de la respuesta de anticuerpos anti-alfa-Gal en
la sintomatologia de la enfermedad y los posibles mecanismos de proteccion

asociados.

En el Capitulo 2C, destacamos una regulacion diferencial en la respuesta de
anticuerpos frente a alfa-Gal en individuos con GBS en comparacion con los
pacientes que presentaban reacciones alérgicas como respuesta a picaduras
de garrapatas. Las vias inmunitarias de produccion de IgM/IgG e IgE anti-al-
fa-Gal son independientes, y existen diferencias en el analisis de correlacion
en los diferentes casos de GBS y aquellos con reacciones alérgicas a las pica-
duras de garrapatas, lo que proporciona una nueva fuente de informacion

sobre los mecanismos inmunologicos asociados con el GBS.

Cerramos esta seccion estableciendo un nuevo modelo animal, utilizando el
pez cebra, para el estudio de las reacciones alérgicas y los mecanismos inmu-

nologicos en respuesta a la saliva de Rhipicephalus sanguineus y determinadas
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sustancias biogénicas que presenta, como son el alfa-Gal y la prostaglandina

E2 (PGE,), asi como tras el consumo de carne roja (Capitulo 2D).

Hay evidentes similitudes en el contenido de alfa-Gal y la respuesta de an-
ticuerpos anti-alfa-Gal en humanos y pez cebra tras la inoculacion de estos
compuestos en este modelo animal. Finalmente, los baséfilos y algunos mar-
cadores de respuesta inmune y de alergia alimentaria del pez cebra, como la
interleucina-1beta, desempenian un papel clave en la regulacion de las reac-
ciones alérgicas asociadas a la saliva de la garrapata, en respuestas mediadas

por receptores tipo Toll (TLR) especificos de tejido en células Th.

Capitulo 3: Capacidad protectora y mecanismos en res-
puesta a alfa-Gal.

Este capitulo evalua la capacidad de alfa-Gal para ser utilizado como vacuna
para el control de la tuberculosis causada por Mycobacterium marinum en el mo-

delo de pez cebra.

Proporciona una perspectiva diferente de acuerdo al enfoque protedémico uti-
lizado, donde ahora el alfa-Gal también acttia induciendo respuestas inmunes
para el control de infecciones y la multiplicacion de patégenos que contienen

una modificacion de alfa-Gal en su superficie.

El Capitulo 3A aborda la eficacia protectora de la vacunacion con alfa-Gal
utilizando diferentes formulaciones de vacunas, con y sin adyuvantes. Los
resultados proporcionaron evidencias de que la vacunacion fue eficaz en el
desarrollo de mecanismos de proteccion, entre los que se incluyen la madura-
ci6n de células B, la opsonizacion de micobacterias mediada por anticuerpos,
la fagocitosis mediada por receptores Fc, la respuesta de macrofagos, la inter-
ferencia con el efecto antagonista del alfa-Gal en la respuesta inmune media-

da por TLR2/NF-kB y la regulacion positiva de citocinas proinflamatorias.

En el Capitulo 3B, proponemos un nuevo modelo de vacunas utilizando

probioticos preparados con bacterias de la microbiota intestinal con alto con-
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tenido en alfa-Gal, como alternativa al uso de antibidticos, debido a la re-
sistencia de los patégenos y a la contaminacion del agua que generan, entre
otras consecuencias graves. Los probidticos que contienen Aeromonas veronit
o Pseudomonas entomophila son bioseguros y efectivos para el control de la mi-
cobacteriosis en peces y se recomienda su uso, so6los o en combinacion con

alfa-Gal, para el control de enfermedades infecciosas y/o alérgicas.

De manera idéntica al Capitulo 3A, observamos todos los mecanismos de
proteccién que mencionamos anteriormente, incluyendo efectos beneficiosos

sobre el metabolismo de los nutrientes y la reduccion del estrés oxidativo.
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Abstract

This primer focuses on a recently diagnosed tick-borne allergic disease known as the alpha-Gal syndrome (AGS). Tick
bites induce in humans high levels of IgE antibodies against the carbohydrate Gala1-3GalB1-(3)4GIcNAc-R (a-Gal)
present on tick salivary glycoproteins and tissues of non-catarrhine mammals, leading to the AGS in some individu-
als. This immune response evolved as a conflict and cooperation between ticks and human hosts including their gut
microbiota. The conflict is characterized by the AGS that mediate delayed anaphylaxis to red meat consumption and
certain drugs such as cetuximab, and immediate anaphylaxis to tick bites. The cooperation is supported by the capac-
ity of anti-a-Gal IgM and IgG antibody response to protect against pathogens with a-Gal on their surface. Despite
the growing diagnosis of AGS in all world continents, many questions remain to be elucidated on the tick proteins
and immune mechanisms triggering this syndrome, and the protective response against pathogen infection elicited
by anti-a-Gal antibodies. The answer to these questions will provide information for the evaluation of risks, diagnosis
and prevention of the AGS, and the possibility of using the carbohydrate a-Gal to develop vaccines for the control of

major infectious diseases.

Keywords: Tick, Allergy, Alpha-Gal syndrome, Vaccine, Immune response

What is the alpha-Gal syndrome (AGS)?

The main objective of our research is the characteriza-
tion of vector-host-pathogen molecular interactions, and
translating this basic biological information into new
interventions for the diagnosis, prevention and control
of vector-borne diseases [1-3] (see also video at https://
youtu.be/DhbBjQSuLYk). Arthropod vector-borne dis-
eases are a growing problem worldwide, and ticks are
only second to mosquitoes as vectors of human diseases
and the most important vectors in animals [4—6].

The alpha-Gal syndrome (AGS) is triggered by IgE anti-
body response against the carbohydrate Galal-3Galp1-
(3)4GIcNAc-R (a-Gal), which is present in glycoproteins
from tick saliva and tissues of non-catarrhine mammals
[7-13] (Additional file 1: Figure S1). In 2007, van Nunen
et al. [7] first described the association between tick
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bites and the development of mammalian meat allergy.
In 2009, Commins et al. [11] confirmed this association
and discovered the epitope likely responsible for such
allergic reactions, (a-Gal). Old World monkeys, apes
and humans evolved with the inactivation of the a-1,3-
galactosyltransferase (GalT) gene, which resulted in the
recognition of a-Gal to produce high antibody titers
against this antigen [12] (Additional file 1: Figure S1).
Tick bites induce high levels of anti-a-Gal IgE antibodies
in humans that mediate delayed anaphylaxis to red meat
consumption, and immediate anaphylaxis to tick bites,
xenotransplantation and certain drugs such as cetuximab
[13, 14].

The AGS is becoming a global problem with increasing
prevalence in all continents, and several tick species have
been implicated in these disorders [10, 15] (Additional
file 1: Figure S1). Remarkably, most of the patients that
become allergic, had tolerated red meat for many years
before being sensitized by tick bites [10]. This finding sug-
gests that while IgG and IgM antibody responses to a-Gal
produced by some bacteria of the gut microbiota are ben-
eficial as they protect against infection by pathogens such

©The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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as malaria parasites and tuberculosis mycobacteria, anti-
a-Gal IgE antibodies induced by tick bites break the oral
tolerance to food allergens and induce anaphylactic reac-
tions to tick a-Gal-containing salivary proteins [7—15].

Why only some individuals develop the AGS

in response to tick bites?

Tick saliva is a complex mixture of pharmacologically
active compounds with a role in tick attachment cement
and feeding, pathogen transmission, and the inhibition
of host defensive mechanisms through immunomodula-
tory, anti-hemostatic and anti-inflammatory molecules
[16-26]. Transcriptomics, proteomics and metabolomics
studies of tick salivary glands, saliva and cement discov-
ered clusters of functionally related proteins with pro-
tease inhibitors being the most abundant group of tick
salivary secreted proteins in Ixodes scapularis [16, 18,
20-26]. The genes coding for some of these proteins are
usually expressed sequentially throughout tick feeding,
bringing up the question of whether this phenomenon
could be a form of antigenic variation [16]. Tick saliva
modulates host immunity towards a T helper 2 (Th-2)
response and suppresses inflammatory responses [27],
thus deviating the host immune response to profiles that
are less damaging to the feeding tick and pathogen trans-
mission. Apart from proteins with immunomodulatory
activity, ticks also produce non-protein molecules such
as prostaglandin E2 (PGE,), which is synthesized in the
tick salivary glands and secreted via the saliva into the
feeding lesion [26, 28].

Humans do not synthesize the carbohydrate a-Gal, and
therefore all the sources of a-Gal for the human body are
from non-human origin [9, 11-13, 29]. Consequently,
humans can develop a potent immune response against
this carbohydrate [9, 11-13, 29]. Recently, we demon-
strated that ticks synthesize a-Gal with functional GalTs
with implications of this protein modification in tick
feeding and Anaplasma phagocytophilum infection [30].
Considering these facts, evidence supports a role for
a-Gal-containing tick salivary proteins in the develop-
ment of the AGS, possibly in conjunction with other tick
salivary components [9, 11-13, 29]. At least two possible
mechanisms explain the production in humans of anti-a-
Gal IgE antibodies after tick bites (Additional file 1: Fig-
ure S1). The first mechanism is supported by our current
understanding of the host immune modulation by tick
saliva, and proposes that a-Gal on tick salivary proteins
interacts with antigen-presenting cells (APC) and B lym-
phocytes in the context of Th2 cell-mediated immunity
induced by tick saliva. Basophils and released histamine
have been implicated in IgE-mediated acquired pro-
tective immunity to tick infestations and chronic itch
[31-35]. This mechanism leads to the elevation of the
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anti-a-Gal IgE response [16, 28]. The second mechanism
needs to be demonstrated, and is based on the possibility
that tick saliva contains factors that induce class switch
recombination (CSR) to anti-a-Gal IgE producing B cells
of pre-existing B cell clones producing anti-a-Gal IgM
and/or IgG antibodies [28].

Tick salivary proteins with or without a-Gal modifica-
tions that may be involved in triggering the AGS have not
been identified, but some a-Gal-containing proteins have
been shown to be recognized by patients with anaphy-
lactic reaction to tick bite and not by healthy individuals
with a record of tick bites [14]. The characterization of
tick proteins involved in AGS and the immune mecha-
nisms triggering this syndrome is essential to answer the
question of why only some individuals develop the AGS
in response to tick bites [36—38] (Additional file 1: Fig-
ure S1). Tick sialome and alphagalactome profiles prob-
ably change as tick feeding proceeds thus highlighting the
importance of the characterization of proteome changes
during tick stages on the host to provide information on
the abundance and risks associated with these proteins
at different tick feeding stages. Furthermore, tick pro-
teins present in the tick sialome and reacting with IgE in
patients but not control sera could be used for the diag-
nosis of a predisposing condition for AGS. Tick sialome
proteins with a-Gal modification (alphagalactome) and
recognized by patients but not sera from healthy individ-
uals exposed to tick bites could be selected as candidate
protective antigens for the treatment and prevention of
the AGS.

Risk factors associated to AGS may include genetic/
immune mechanisms such as atopy, and ABO blood
group composition leading to strong IgE response against
a-Gal after tick bite, and ecological components associ-
ated to exposure to tick bites [9, 37, 39-44]. Other fac-
tors such as alcohol consumption, physical exercise, cat
ownership and infection with pet-associated endopara-
sites, age and use of some medications may also influence
the risk of developing the AGS [37, 42]. A conjunction
of these and other still unknown factors may affect the
development of AGS by some individuals exposed to tick
bites.

Can we benefit from the risk of developing
the AGS?
Tick-host-pathogen interactions evolved as a conflict
and cooperation [45]. In this context, the AGS evolved as
a trade-off to benefit humans by providing immunity to
pathogens containing a-Gal while increasing the risks to
develop this syndrome [12, 39] (Additional file 1: Figure
S1).

Some of the major infectious diseases world-
wide are caused by pathogens such as Plasmodium,
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Mycobacterium, Trypanosoma, Borrelia and Leishmania
species with a common characteristic of having a-Gal
on their surface [39, 46-52]. As proposed for viruses
with envelope-exposed a-Gal as the major evolutionary
driver for the lack of functional GalT for a-Gal synthesis
in humans, the possibility of developing protective anti-
bodies against this carbohydrate resulted in an effective
protection against pathogens with a-Gal [12]. This evo-
lutionary advantage of humans relays on anti-a-Gal IgM
and IgG antibodies produced in response to gut bacterial
microbiota, tick infestations and/or pathogen infection
with a protective effect against some infectious diseases
[46-52]. However, this evolutionary cooperation between
ticks and humans also leads to the conflict of increasing
the risks for developing AGS in response to tick bites.

As previously proposed, we may benefit from this tick-
host conflict and cooperation [46, 47] (Additional file 1:
Figure S1). Gut bacteria with high a-Gal content selected
from individuals with protective immune response
against pathogens with a-Gal could be used to develop a
probiotic-based easy to administer and low-cost vaccine
that could by administered by different routes alone or in
combination with a-Gal-containing tick proteins to pro-
vide protection against multiple pathogens causing major
infectious diseases worldwide [46, 47]. If proven true, this
would be a major advance in the control of infectious dis-
eases affecting populations in different parts of the world.

Conclusions

The AGS has been associated with tick bites and consti-
tutes a growingly diagnosed disease worldwide. Never-
theless, many questions remain to be elucidated on the
tick proteins and immune mechanisms triggering this
syndrome, and the protective response against patho-
gen infection elicited by anti-a-Gal antibodies. Future
research should focus at the identification of tick proteins
involved in the production of anti-a-Gal IgE antibod-
ies after tick bite, and the immune mechanisms leading
to AGS. The relationship between different tick species/
developmental stages and the AGS applying Koch’s pos-
tulates in GalT negative animal models would contribute
to a better understanding of the disease and the evalua-
tion of epidemiological risks. Data on blood group type
should be included in epidemiological studies to better
evaluate the risks for AGS associated with blood type in
the population, and the putative role of anti-a-Gal IgM
and IgG antibodies in protection against pathogens with
a-Gal. Other factors that may affect the AGS such as
endoparasite infections and microbiota composition in
both humans and ticks should be considered. The answer
to these questions will provide information for the evalu-
ation of risks, diagnosis and prevention of the AGS, and
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the possibility of using the carbohydrate a-Gal to develop
vaccines for the control of major infectious diseases.

Additional file

Additional file 1: Figure S1. Poster of tick-host conflict and cooperation
in the AGS: facts, challenges and possibilities.
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Humans evolved by losing the capacity to synthesize alpha-Gal because it
provides the possibility to control infectious diseases while developing allergic
reactions such as the Alpha-Gal Syndrome (AGS).

To understand the mechanisms involved in the immune response to glycan
alpha-Gal synthesized by ticks and related to the Alpha-Gal Syndrome, and
how this information may translate into control interventions for infectious

diseases caused by pathogens with this modification on their surface.

1. Characterization of the alpha-Gal content and origin in ticks.

2. Characterization of the immune response to alpha-Gal and implica-

tions for the Alpha-Gal Syndrome.

3. Characterization of the protective capacity and mechanisms in res-

ponse to alpha-Gal.
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ABSTRACT

Background: Ticks are obligate hematophagous arthropods that synthesize the glycan Gala1-3GalB1-(3)
4GIcNAc-R (o-Gal) associated with the alpha-gal syndrome (AGS) or allergy to mammalian meat
consumption.

Research design and methods: In this study, we used a proteomics approach to characterize tick
proteins in salivary glands (sialome SG), secreted saliva (sialome SA) and with a-Gal modification
(alphagalactome SG and SA) in model tick species associated with the AGS in the United States
(Amblyomma americanum) and Australia (Ixodes holocyclus). Selected proteins reactive to sera (IgE)
from patients with AGS were identified to advance in the identification of possible proteins associated
with the AGS. For comparative analysis, the a-Gal content was measured in various tick species.
Results: The results confirmed that ticks produce proteins with a-Gal modifications and secreted into
saliva during feeding. Proteins identified in tick alphagalactome SA by sera from patients with severe
AGS symptomatology may constitute candidate disease biomarkers.

Conclusions: The results support the presence of tick-derived proteins with a-Gal modifications in the
saliva with potential implications in AGS and other disorders and protective capacity against tick
infestations and pathogen infection. Future research should focus on the characterization of the
function of tick glycoproteins with a-Gal in tick biology and AGS.
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1. Introduction The immunoglobulin IgE-type response to the carbohy-

drate Gala1-3GalB1-(3)4GIcNAc-R  (o-Gal) mediates the
alpha-gal syndrome (AGS) or the allergy to mammalian
meat consumption with delayed anaphylaxis and immediate
anaphylaxis to tick bites, xenotransplantation and certain
drugs such as cetuximab [12,37-52]. Tick SA proteins with
a-Gal modifications are hypothesized to be involved in the
development of anti-a-Gal IgE-type responses associated
with the AGS [48,53,54]. However, the role of other salivary
biomolecules and the immune-mediated mechanisms of the

Ticks (Acari: Ixodida) are blood-feeding ectoparasite vectors
of pathogens affecting human and animal health, represent-
ing a growing burden worldwide and a control challenge
[1-6].

Tick-host-pathogen molecular interactions evolved as both
conflict and cooperation with a key role for tick salivary gland
(SG) and saliva (SA) proteins and other biomolecules [7-15].
Consequently, tick proteins in salivary glands (sialome SG)
have been characterized at the mRNA (transcriptome) and

protein (proteome) levels to show their role in host-tick-
pathogen interactions with implications for the identification
of candidate vaccine protective antigens [7-10,16-21].
Furthermore, recent advances in proteomics technologies
and bioinformatics tools including sequence databases have
further advanced the characterization of tick sialome SG and
secreted saliva (sialome SA) with functional implications
[10,17,22-36].

AGS are still under investigation [54].

Three possible sources of a-Gal are possible in ticks: its own
synthesis, host blood meal and midgut microbiota. Tick species of
the genera Amblyomma (A. americanum, A. cajennense,
A. testudinarium, A. sculptum, A. variegatum, A. hebraeum), Ixodes
(I holocyclus, I. ricinus, I. australiensis, I. cajennense, I. nipponensis),
Rhipicephalus (R. bursa), Hyalomma (H. marginatum) and
Haemaphysalis (H. longicornis) has been associated with the AGS
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Article highlights

e Ticks and associated diseases affecting human and animal health are

a growing burden worldwide.

The IgE-type antibody response to tick proteins with a-Gal modifica-

tions may cause allergic reactions to mammalian meat consumption

associated with the alpha-gal syndrome (AGS).

o Tick species of different genera are associated with the AGS and
synthesize the glycan a-Gal in proteins secreted into saliva during
feeding.

o The characterization of tick proteins with a-Gal modifications (alpha-

galactome) and recognized by sera from AGS patients but not

healthy individuals revealed cytoglobin-1, 14-3-3 family chaperone
and vitellogenin-1 as candidate disease biomarkers.

In addition of being carrier proteins for a-Gal, identified tick proteins

may be associated with dysregulation of vascular nitric oxide protec-

tive signaling and adaptive cellular response to stress and nutrient
availability and increased risk of cerebrovascular disorders.

e These proteins with and without a-Gal modifications may elicit

a protective immune response against tick infestations and pathogen

infection.

The results contributed to our understanding of the role of tick

proteins in the AGS by providing targets for functional studies to

advance diagnostic, prevention and control of AGS and other tick-
borne diseases.

syndrome worldwide [54-56]. The presence of host proteins in tick
saliva may contribute to its a-Gal content [10] and the possible
role of tick microbiota with bacteria containing a-Gal has been
discussed [54,57]. Tick-borne pathogens such as Borrelia burgdor-
feri and Anaplasma phagocytophilum have been also shown to
contain o-Gal [58]. However, how host-derived proteins or tick
microbiota contribute to the AGS is still under discussion.

Therefore, the identification of tick proteins with a-Gal mod-
ifications (alphagalactome SG and SA) is important for advance-
ment of the identification of the immune-mediated mechanisms
and possible targets for diagnostic, prevention and control of the
AGS. In this study, we used a proteomics approach to character-
ize tick proteins in sialome SG and SA and alphagalactome SG
and SA in model tick species associated with the AGS in the
United States (A. americanum) and Australia (I. holocyclus).
Selected proteins reactive to sera (IgE) from patients with AGS
were identified as to advance in the identification of possible
proteins associated with the AGS. For comparative analysis, the
a-Gal content was measured in SG and midgut combined with
other organs (MG) of various tick species of the genera
Hyalomma, Ixodes, Amblyomma and Rhipicephalus and in the
cement cones collected from Rhipicephalus sanguineus and
Rhipicephalus bursa. The results further demonstrated the pre-
sence tick-derived proteins with a-Gal modifications in the saliva
and provided candidate proteins to advance in the characteriza-
tion of the function of tick glycoproteins with a-Gal modifications
in tick biology and the AGS.

2. Materials and methods

2.1. Amblyomma americanum (Linnaeus, 1758) ticks
and protein samples used for proteomics analysis

Unfed female ticks were obtained from the laboratory colony
maintained at the Oklahoma State University Tick Rearing
Facility. Larvae and nymphs were fed on rabbits. Animals

were housed at the Tick Rearing Facility with the approval
and supervision of the OSU Institutional Animal Care and Use
Committee. Off-host ticks were maintained in a 12 h light:12 h
dark photoperiod at 22-25°C and 95% relative humidity (RH).
Saliva was collected from 100 A. americanum. Female ticks
were washed with phosphate buffered saline (PBS) and placed
dorsal side down on double-sided tape on a glass slide.
Salivation was induced by injecting 1-3 pl of 2% pilocarpine
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) in PBS, pH
7.4 on the ventral side adjacent to the fourth leg coxa using
a 34 gauge/0.5 inches/45° angle beveled needle on a model
701 Hamilton syringe (Hamilton Company, Reno, NV, USA).
Saliva was then collected every 15-30 min using a Hamilton
syringe for approximately 4 h at room temperature (RT) and
stored at —80°C. A total of 130 pl (3.3 mg/ml protein) SA were
obtained. Salivary glands were dissected and pooled from 200
A. americanum female ticks (16 ticks/pool). For protein extrac-
tion, SG were homogenized with a 27 G needle (20 strokes) in
lysis buffer (7 M Urea, 2 M Thiourea, 2% 3- [(3-cholamidopro-
pyldimethylammonio]-1-propanesulfonate, CHAPS) supple-
mented with complete mini protease inhibitor cocktail
(Roche, Basel, Switzerland). Samples were boiled for 2 min,
mixed in a thermocycler for 1 h and sonicated for 1 min in an
ultrasonic cooled bath followed by 10 sec vortexes. After 3
cycles of sonication-vortex, the homogenate was centrifuged
at 200 x g for 5 min at 4°C to remove cellular debris. The
supernatant was collected, and protein concentration was
determined using the RC_DC (BioRad, Hercules, CA, USA)
with BSA as standard. The 0.87 mg of salivary gland extract
(SGE) were stored at —80°C.

2.2. Ixodes holocyclus (Neumann, 1899) ticks and
protein samples used for proteomics analysis

Ticks were collected from paralyzed animal hosts (dogs, cats
and some local Australian marsupials) in veterinary clinics from
different locations across the known geographic range of
I. holocyclus. Clinics were recruited and participated in tick
collection on a voluntary basis. To facilitate and make similar
collection of tick samples, a Tick Collection Pack was sent to
each clinic containing screw top vials with holes punched in
the lid for ventilation, each containing a piece of sponge cloth,
pre-paid and self-addressed Express Post satchels, small round
takeaway containers, and a plastic transfer pipette marked for
the correct volume of water to be added to each sponge. On
the day of receipt of ticks, they were examined using a stereo
microscope. All adult female ticks received alive and greater
(in length and width, respectively) than 4 mm x 3 mm (i.e. fed
for at least 96-120 hrs and thus more likely to be producing
toxin) were salivated. Ticks were attached to a microscope
slide using sticky tape. A 5 pl drop of 5% pilocarpine (Sigma-
Aldrich) in methanol was topically applied to the dorsal scu-
tum of the tick, ensuring that it did not contact the basis
capitulum and where possible, the alloscutum. The sticky
tape then wicked the pilocarpine across the alloscutum to be
absorbed. A 10 pl pipette tip was then mounted onto the slide
using plasticine and the hypostome of the tick placed into the
mouth of the tip. Ticks on slides were placed in a styrofoam
box lined with damp paper towel in an incubator (27°C, 75%



RH; Thermoline Scientific TRH-150, Wetherill Park, Australia),
and the secreted SA was aspirated at intervals until salivation
ceased. For SA volumes greater than 2 pl, an equal volume of
protease inhibitor cocktail (PIC, Sigma-Aldrich) was added
before sample storage at —80°C. For SA volumes less than
2 pl, 2 pl of PIC were added before storage at —80°C. A total
of 100 pl (1.3 mg/ml protein) SA were obtained. Following
salivation, or if live ticks were unable to be salivated, they
were dissected. The ventral surface of the ticks’ alloscutum
was attached to petri dishes using duct tape and super glue
(Bostik, Colombes, France). Ticks were completely submerged
in PBS. Using a size 11 scalpel and fine tipped forceps (T04-
821, T05-822, T6-SS-SS; ProSciTech, Kirwan QLD, Australia) the
dorsal alloscutum was removed. The salivary glands were each
removed and immediately snap frozen and stored at —80°C.
Preparation of SGE was conducted as described by Stone [59]
and Hall-Mendelin et al. [60] with volumes scaled according to
the number of SG. Twenty-two pairs of SG were homogenised
in 1 ml PBS by vortexing with five small and one medium glass
beads for two 30 sec bursts. The homogenate was centrifuged
at 1,500 x g for 30 min at 4°C and the supernatant removed
and placed on ice. The pellet was washed three times in 500 pl
PBS, centrifuged at 1,500 x g for 30 min at 4°C and the super-
natants pooled on ice. Pooled supernatant was sonicated
using 30 sec bursts with two min intervals of ice cooling for
a total of ten minutes. The sonicate was then centrifuged at
109,000 x g for 1 h at 4°C, and the SGE collected on ice. Each
pellet was washed twice using 500 pl PBS and centrifuged at
109,000 x g for 1 h at 4°C, with all supernatants collected and
pooled. Saliva samples in PIC collected throughout the tick
season were pooled and the total protein concentration mea-
sured using the Bradford Assay (BioRad), before storage of
3 mg SGE at —80°C in aliquots.

2.3. Preparation of the tick alphagalactome SG and SA

Proteins from the tick sialome SG and SA were immuno-
precipitated with the anti-a-Gal epitope monoclonal IgM
antibody (M86; Enzo Life Sciences, Farmingdale, NY, USA)
bound to Dynabeads® Protein G (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) following manufac-
turer recommendations. Two hundred micrograms of
A. americanum SG and SA protein extracts were added to
Dynabeads-M86 and incubated with rotation during 2 h at
RT. After supernatant removal, Dynabeads-M86-antibody
complex was washed twice with PBST (phosphate buffer
saline PBS supplemented with 0.05% Tween-20) and tick
alphagalactome SG and SA were eluted with Laemmli
sample buffer (BioRad, Hercules, CA, USA) and stored at -
20°C. To validate the immunoprecipitation, A. americanum
SG proteins were eluted with 2 M glycine (Sigma-Aldrich)
and neutralized with 1 M NaOH (Sigma-Aldrich). One hun-
dred ng from the eluted proteins were treated with 0.2 pug
of Alpha-galactosidase (rha-Galactoidase A, R&D systems,
Minneapolis, MN, USA) for 4 hrs at 37°C and other 100 ng
control  proteins were incubated without Alpha-
galactosidase. Treated and control proteins were then
used to coat ELISA plates in carbonate/bicarbonate buffer
and incubated overnight at 4°C. Then, 100 pl of blocking
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buffer (1% HSA-human albumin; Sigma-Aldrich) were
added to each well and incubated for 1 h at RT followed
by five washes with PBST. The anti-a-Gal epitope M86
antibody (Enzo Life Sciences) was2. added to plates at 1:5
dilution in blocking buffer and incubated for 1 hr at 37°C,
followed by five washes with PBST. Goat anti-mouse IgM-
peroxidase (Sigma-Aldrich) were added at 1:2000 dilution
in blocking buffer (100 pl/well), and plates incubated for
1 h at RT. Plates were then washed five times with PBST,
and color developed by the addition of 100 pl of 3,3,
‘5,5-tetramethylbenzidine (Promega, Madison, WI, USA)
and protected from light for 20 min at RT. Reactions
were stopped with the addition of 50 pl sulfuric acid, and
the O.D. were measured at 450 nm with an ELISA reader.
The a-Gal levels between Alpha-galactosidase treated and
untreated samples were compared by One-way ANOVA
with post-hoc Tukey HSD (Honestly Significant Difference)
test (https://astatsa.com/OneWay_Anova_with_TukeyHSD/)
(p < 0.05, n = 2 biological replicates with 3 technical
replicates each).

2.4. Proteomics analysis of tick sialome and
alphagalactome SG and SA

Tick sialome (150 pg) and alphagalactome SG and SA prepared
as described above were on gel concentrated and trypsin-
digested with sequencing grade trypsin (Promega, Madison,
WI, USA). The resulting tryptic peptides were desalted onto
OMIX pipette tips C18 (Agilent Technologies, Santa Clara, CA,
USA), dried down and stored at —20°C until mass spectrometry
analysis. The desalted protein digests were resuspended in 2%
acetonitrile, 5% acetic acid in water and analyzed by reverse
phase liquid chromatography coupled to mass spectrometry
(RP-LC-MS/MS) using an Ekspert™ nanoLC 415 system
coupled with a 6600 TripleTOF® mass spectrometer (AB
SCIEX; Framingham, MA, USA) through Information-
Dependent Acquisition (IDA). Peptides were first concentrated
in a 0.1 x 20 mm C18 RP precolumn (Thermo Scientific) with
a flow rate of 5 pl/min during 10 min in solvent A (0.1% formic
acid in water) and then separated in a 0.075 x 250 mm C18 RP
column (New Objective, Woburn, MA, USA) with a flow rate of
300 nl/min. Elution was done in a 120-min gradient from 5%
to 30% solvent B (0.1% formic acid in acetonitrile) followed by
15-min gradient from 30% to 60% solvent B and directly
injected for MS analysis. The mass spectrometer was set to
scanning full spectra from 350 m/z to 1400 m/z (250 ms
accumulation time) followed by up to 50 MS/MS scans (100-
1500 m/z). Candidate ions with a charge state between +2 and
+5 and counts per second above a minimum threshold of 100
were isolated for fragmentation. One MS/MS spectra was col-
lected for 100 ms, before adding those precursor ions to the
exclusion list for 15s (mass spectrometer operated by Analyst
TF 1.6, AB SCIEX). Dynamic background subtraction was
turned off. Data were acquired in high sensitivity mode with
rolling collision energy on and a collision energy spread of 5.

Quality of proteomics data was controlled at multiple
levels. An ISE6 cells digest was used for the evaluation of
instrument performance and buffer A samples were run as
blanks every three injections to prevent carryover. Three
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technical replicates were injected for each sample. The IDA MS
raw files for each sample were combined and subjected to
database searches in unison using ProteinPilot software
v. 50.1 (AB SCIEX) with the Paragon algorithm. Spectra
identification was performed by searching against the
A. americanum protein database [27] and the Ixodes scapularis
Uniprot database (33,058 entries in June 2020) for
A. americanum and I. holocyclus samples, respectively, with
the following parameters: iodoacetamide cysteine alkylation,
trypsin digestion, gel-based ID as special factor, identification
focus on biological modification and thorough ID as search
effort. The detected protein threshold was set at 0.05. To
assess the quality of identifications, an independent False
Discovery Rate (FDR) analysis with the target-decoy approach
provided by ProteinPilot (AB SCIEX) was performed. Positive
identifications were considered when identified proteins
reached a 1% global FDR (Supplementary Data 1 and 2). To
guarantee quality of protein identification using these para-
meters for the analysis of mas spectra, Uniprot I. scapularis
database was used because only 96 entries are available for
I. holocyclus (https://www.uniprot.org/uniprot/?query=ixodes
+holocyclus&sort=score). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD029536 and 10.6019/PXD029536. Gene Ontology
(GO) annotations for biological process (BP) and molecular
function (MF) in identified proteins were assigned using the
Blast2GO software (version 5; https://www.blast2go.com),
manually revised and completed (Supplementary Data 1
and 2).

2.5. Human serum samples

Human sera were obtained from peripheral blood samples
collected in 2017 and processed in a previous study [50,61].
In this study, three samples were used collected from Patient
1, a 63 y/o male with history of tick bites (A. americanum and
I. scapularis), delayed anaphylaxis to mammalian meat con-
sumption, positive anti-a-Gal IgE response (8.0 kU/I;
ImmunoCAP-250, Phadia, Uppsala, Sweden) and diagnosed
with AGS, Patient 2, a 71 y/o female with history of tick bites
(A. americanum and |. scapularis), delayed anaphylaxis to
mammalian meat consumption, positive anti-a-Gal IgE
response (7.3 kU/l; ImmunoCAP-250) and diagnosed with
AGS, and a healthy 59 y/o male with record of tick bites
(A. americanum, |. scapularis, I. ricinus) and negative anti-a-
Gal IgE response (0.02 kU/I; ImmunoCAP-250) (Control)
[50,61]. Patients 1 and 2 removed larvae, nymphs and male
A. americanum from their bodies in the spring and
I. scapularis in the fall. The blood from each patient and
the healthy individual were maintained in standing position
in a sterile tube without anticoagulant at RT for clotting (20—
30 min) and centrifuged at 1,500 x g for 20 min at RT. Serum
was collected and conserved at —20°C until used for analysis.
The use of human peripheral blood serum samples from
patients and healthy individuals was done with their written
informed consent in compliance with the Helsinki
Declaration and the approval of the Ethical and Scientific
Committees (SESCAM C-73) [50,61].

2.6. Human serum IgE, IgM and IgG antibody titers
against a-Gal

Anti-a-Gal IgE, IgM and 1gG antibody titers were determined in
serum samples from patients and the control healthy indivi-
dual. ELISA plates were coated with 100 ng of Gal1-3GalB1-
4GIcNAc-Human serum albumin (HSA) (Carbosynth Ltd,
Berkshire, UK) in carbonate/bicarbonate buffer and incubated
overnight at 4°C. Then, 100 pl of blocking buffer (1% HSA-
human albumin, Sigma-Aldrich) were added to each well and
incubated for 1 h at RT followed by five washes with PBST.
Sera were added to plates at 1:50 dilution in blocking buffer
and incubated for 1 h at 37°C, followed by five washes with
PBST. Goat anti-human immunoglobulins-peroxidase 1gG (FC
specific), IgM (p-chain specific), or IgE (e-chain specific) (Sigma-
Aldrich) were added at 1:1000 dilution in blocking buffer
(100 pl/well), and plates incubated for 1 h at RT. Plates were
then washed five times with PBST, and color developed by the
addition of 100 ul of 3,3,’5,5-tetramethylbenzidine (Promega)
at dark for 20 min at RT. Reactions were stopped with the
addition of 50 pl sulfuric acid, and the O.D. were measured at
450 nm with an ELISA reader. The average value of the blanks
(wells without Gala1-3GalB1- 4GIcNAc-HSA coating; n = 3) was
subtracted from all reads and the average of 3 replicates for
each sample was used for analysis. Results were compared
between different individual sera by One-way ANOVA with
post-hoc Tukey HSD test (https://astatsa.com/OneWay_
Anova_with_TukeyHSD/) (p < 0.05, n = 6 replicated wells
per serum).

2.7. Human serum IgE, IgM and IgG antibody titers
against tick and pig kidney proteins

Anti-tick and pig kidney IgE, IgM and IgG antibody titers were
determined in serum samples from patients and the control
healthy individual. The ELISA tests were performed using
A. americanum and |. holocyclus SGE and pig kidney proteins.
Pig kidney proteins were extracted from a piece acquired at
a local butcher (Ciudad Real, Spain) with 7 M Urea, 2 M
Thiourea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate] CHAPS buffer supplemented with complete
mini protease inhibitor cocktail (Roche, Basel, Switzerland).
The sample was lysed with a polytron and mixed for 1 h
before boiled for 2 min and sonicated for 3 min in an ultra-
sonic cooled bath. Finally, the homogenate was centrifuged at
200 x g for 5 min at 4°C to remove cellular debris. The super-
natant was collected, and protein concentration was deter-
mined using the RC_DC (BioRad) with BSA as standard. Plates
were coated with 100 ng proteins per well in carbonate/bicar-
bonate buffer and incubated overnight at 4°C. Following five
washes with PBS containing PBST, patients and control sera
were added at 1:50 dilution in PBS and incubated for 1 h at
37°C followed by five washes with PBST. For the detection of
immunoglobulins, 100 pl of goat anti-human immunoglobu-
lins-peroxidase 1gG (FC specific), IgM (u-chain specific), and IgE
(€-chain specific) (Sigma-Aldrich) were added at 1:1000 dilu-
tion in blocking buffer (1% HSA in 100 pl/well PBST). The
plates were then incubated for 1 h at 37°C and subsequently
washed five times with PBST. Reaction was visualized by



adding 100 pl of 3,3,°5,5-tetramethylbenzidine (Promega) and
incubated for 20 min in the dark at RT. Reactions were
stopped with the addition of 50 pl sulfuric acid, and the O.
D. were measured at 450 nm with an ELISA reader. The aver-
age value of the blanks (wells without tick proteins coating;
n = 6) was subtracted from all reads and the average of 6
replicates for each sample was used for analysis. Results were
compared between different individual sera by One-way
ANOVA with post-hoc Tukey HSD test (https://astatsa.com/
OneWay_Anova_with_TukeyHSD/) (p < 0.05, n = 6 replicated
wells per serum).

2.8. 2-D Western blot and proteomics analysis of
selected spots

Two hundred micrograms of A. americanum SG protein extracts
were precipitated with the 2D-Clean up kit (GE Healthcare, Little
Chalfont, UK), resuspended in 125 pl of DeStreak Rehydration
Solution (GE Healthcare) supplemented with 0.5% of IPG buffer
3-T1NL pH range (GE Healthcare) and loaded onto IPG strips (pH
3-TINL Drystrip 7 cm; GE Healthcare). Isoelectrofocusing was
performed at 20°C in an Ettan IPGphor 3 (GE Healtcare) with
conditions: 30 V for 3 hrs, 60 V for 3 hrs, 60-300 V for
30 min, 300 V for 30 min, 300-1000 V for 1 h, 1000 V for 1 h,
1000-5000 V for 5 hrs and 5000 V for 5 hrs. Prior to second
dimension, proteins in focused IPG strips were reduced and alky-
lated by successive incubations in 50 mM Tris-HCl pH 8.8, 6 M urea,
30% v/v glycerol, 2% w/v SDS, 0.2% bromophenol blue, supple-
mented with 0.5% w/v dithiothreitol (DTT) for the first incubation
or supplemented with 4.5% w/v iodoacetamide for the second
incubation, during 15 min each with gentle rocking. For second
dimension, IPG strips were placed onto homogeneous 12% SDS
polyacrylamide gels and electrophoresis was conducted for 1 h at
120 V. Five 2D gels were performed simultaneously, one was
stained with SYPRO Ruby Protein Gel Stain (Thermo Scientific)
and the others were transferred to nitrocellulose membranes (Bio-
Rad, Hercules, CA, USA). Western blots with patients and control
sera (anti-IgE antibodies) and with anti-a-Gal antibodies were
performed as described previously [43]. Amblyomma americanum
protein spots recognized by patients and control sera and by anti-
a-Gal antibodies were manually excised from the stained gel and
digested with sequencing grade trypsin (Promega). Resulting
tryptic peptides were desalted onto OMIX Pipette tips C18
(Agilent Technologies), dried-down and stored at —20°C until RP-
LC-MS/MS analysis of desalted protein digests resuspended in
0.1% formic acid using an Easy-nLCll system coupled to an LTQ
mass spectrometer (Thermo Scientific) as described previously
[43]. The MS/MS raw data were subjected to database search
against the A. americanum protein database [27] using the
SEQUEST algorithm (Proteome Discoverer 1.4; Thermo Scientific)
with the following constraints: tryptic cleavage after Arg and Lys,
up to two missed cleavage sites, and tolerances of 1 Da for
precursor ions and 0.8 Da for MS/MS fragment ions, and the
searches were performed allowing optional methionine oxidation
and cysteine carbamidomethylation. Search was performed
against a decoy database in an integrated decoy approach.
A false discovery rate (FDR) <0.01 was considered as a condition
for successful peptide assignments and protein identifications
(Supplementary Data 3).
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2.9. Tick species and tissue samples used for analysis of
a-Gal content

The a-Gal content was measured in SG and MG of various tick
species of the genera Hyalomma, Ixodes, Amblyomma and
Rhipicephalus collected from adults feeding on different host
species (Table 1). All tick species were collected from naturally
infested hosts and morphologically classified according to Dantas-
Torres et al. [62,63] and Estrada-Pefia et al. [64]. The SG and MG
were dissected from individual ticks and used for analysis. Cement
cones used here were collected from Rhipicephalus sanguineus
(Latreille, 1806) and Rhipicephalus bursa (Canestrini & Fanzago,
1878) adult ticks obtained from a previous study [65]. Briefly,
adult female R. sanguineus (n = 20 ticks/pool, 2 pools) were
collected from naturally infested dogs at an animal shelter in
Ciudad Real, Spain. Adult R. bursa female ticks (3 pools of 5-9
ticks/pool collected at 1-2 (T1; slow-feeding period), 4-5 (T2) and 7
(T3; fast-feeding period) days post-attachment (dpa) were col-
lected from experimentally infested Hyla breed rabbits [65].
Cement cones were collected using soft tissue forceps from
mouthparts of manually detached adult female ticks and all host-
derived skin or hairs attached to the cement were removed [65].
Salivary glands were also extracted from the same dissected
R. bursa ticks as previously reported [65,66]. Results were com-
pared between different tick samples by One-way ANOVA with
post-hoc Tukey HSD test (https://astatsa.com/OneWay_Anova_
with_TukeyHSD/) (p < 0.05, n = 6 biological replicates).

2.10. Tick SG, MG and cement cone a-Gal content

Tick SG, MG and/or cement cone samples were resuspended in
200 pl 50 mM Tris-HCl pH 7.5 supplemented with 4% sodium
dodecyl sulfate (SDS) and 1 mM ditiotreitol (DTT), using a 1 ml
syringe with a 40 mm needle (Terumo Europe Espania SL, Alcala de
Henares, Spain) and were sonicated for 3 min in an ultrasonic
cooled bath, followed by vortexing for 10 sec. After three cycles of
sonication-vortex, lysates were centrifuged at 12,1700 x g for
30 sec. Proteins were homogenized in lysis buffer (8 M urea, 2 M
thiourea and 2% CHAPS (3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesultonate hydrate), following the same cycles of
sonication-vortex and centrifugation, until the samples were com-
pletely homogenized. Protein concentration was determined
using the Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA) following manufacture’s
recommendations. Proteins extracts were methanol/chloroform
precipitated and stored at —20°C until analysis. The a-Gal content
was analyzed by ELISA in tick protein extracts as described pre-
viously [10,53]. Plates were coated with 100 ng of protein per well
in carbonate/bicarbonate buffer and incubated overnight at 4°C
and blocked with 1% human serum albumin (Sigma-Aldrich) in
PBS for 1 h at RT, following three washes with PBST. The anti-a-Gal
epitope monoclonal antibody (M86; Enzo Life Sciences) was
added at 1:200 dilution in PBS and incubated for 1 h at 37°C
followed by three washes with PBST. Then, goat anti-mouse IgM
(p-chain specific) peroxidase-conjugated antibodies (Sigma-
Aldrich) were added at 1:10,000 dilution in PBS. The reaction was
visualized by adding 100 pl of 3,3",5,5- Tetramethylbenzidine
(Promega, Madison, WI, USA) and incubated for 20 min in the
dark at RT. The optical density (OD) was measured at 450 nm with
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Table 1. Tick species and hosts used for analysis of a-Gal content.

Host a-Gal

Tick spp. Tick sex No. ticks® Tick a-Gal® Host (n=3) Country of origin

Hyalomma lusitanicum F 4 5G: 0.219 + 0.069 Deer, Cervus elaphus 0.249 + 0.000 Spain
MG: 0.259 + 0.033

H. lusitanicum F 5 SG: 0.340 + 0.035 Wild boar, Sus scrofa 0.378 + 0.001 Spain
MG: 0.188 + 0.162

Ixodes ricinus F 5 SG: 0.717 £+ 0.166 Deer 0.249 + 0.000 Spain
MG: 0.137 + 0.094

1. ricinus F 4 SG: 0.537 + 0.303 Wild boar 0.378 + 0.001 Spain
MG: 0.191 + 0.011

Ixodes scapularis F 5 SG: 0.017 + 0.002 Sheep, 0.461 + 0.003 US.A.

M 5 SG: 0.020 + 0.001 Ovis aries
MG: N/A

Amblyomma variegatum F 5 SG: 0.043 £+ 0.012 Cattle, 1.119 + 0.198 Nigeria
MG: 0.035 + 0.010 Bos taurus

Hyalomma aegyptium F 5 SG: 0.032 + 0.020 Tortoise, Testudo graeca 0.020 + 0.000 Morocco

M 7 SG: 0.042 + 0.010

MG: 0.021 + 0.003
MG: 0.027 + 0.004

Rhipicephalus sanguineus F 5 SG: 0.081 + 0.009 Cattle 1.119 + 0.198 Mexico
MG: 0.029 + 0.011

Rhipicephalus bursa F 3 SG: 1.096 + 0.073 Deer 0.249 + 0.000 Spain
MG: 0.359 + 0.115

R. bursa F 3 SG: 0.241 + 0.022 Rabbit, Oryctolagus cuniculus 0.113 + 0.001 Morocco
MG: 0.133 £+ 0.125

Rhipicephalus annulatus F 3 SG: 0.219 + 0.186 Rabbit 0.113 + 0.001 Morocco

MG: 0.028 + 0.000

A calibration curve with 0.0 to 1.0 ng a-Gal and O.D. values at 450 nm was constructed using Microsoft Excel for Mac (v. 16.26) to convert ELISA reader values to a-
Gal content per sample (a-Gal content = (0.D.450,m/0.736)-0.049 ng a-Gal/1 ug protein; R* = 0.993). Results in tick samples were compared with human
promyelocytic leukemia HL60 cells ATCC CCL-240 (0.029 + 0.016 ng a-Gal/1 ug protein; n = 2) and pig (S. scrofa) kidney (0.274 + 0.048 ng a-Gal/1 pg protein;
n = 2) as negative and positive controls, respectively. *Number of ticks per pool; two pools per sample. ba-Gal content in ng a-Gal/1 ug protein; average =+ S.D. per
sample). Abbreviations: SG, salivary gland; MG, midgut combined with other organs; N/A, not available.

a Multiskan FC ELISA reader (Thermo Fisher Scientific). The average
value of the blanks (wells without tick protein coating; n = 3) was
subtracted from all reads and the average of 3-7 replicates for
each sample was used for further analysis.

2.11. Animal host blood a-Gal content

Blood samples were collected from tick feeding animal hosts
(n = 3 animals per host) and used for analysis of a-Gal content
(Table 1). For separation of serum from total blood, a sterile tube
without anticoagulant was used. The blood from each animal was
maintained in standing position at RT for clotting (20-30 min) and
centrifuged at 1,500 x g for 20 min at RT. Serum was collected and
conserved at —20°C until used for analysis. The a-Gal content was
analyzed by ELISA in host blood protein extracts as described
above for tick samples but adding 100 pl sera in carbonate/
bicarbonate buffer per well for coating the plates.

2.12. Statistical analysis of a-Gal content

A calibration curve with 0.0 to 1.0 ng of BSA-0-Gal (Dextra,
Shinfield, UK) and O.D. values at 450 nm was constructed using
Microsoft Excel for Mac (v. 16.26) to convert ELISA reader values to
a-Gal content per sample (a-Gal content = (O.D.450,m/0.736)-0.049
ng a-Gal/1 pg protein; R? = 0.993). Protein extracts from human
promyelocytic leukemia HL60 cells (ATCC CCL-240; 0.029 + 0.016
ng o-Gal/1 pg protein; n = 2) and pig (Sus scrofa) kidney
(0.274 + 0.048 ng a-Gal/1 pg protein; n = 2) were included as
negative and positive controls, respectively [58]. Results in tick
samples were compared with human HL60 cells negative control

by Student’s t-test (p < 0.05, n 2-7 biological replicates).
Differences in a-Gal levels between tick species and independently
of feeding host, sex and tissue were compared by One-way
ANOVA with post-hoc Tukey HSD (Honestly Significant
Difference) test (https://astatsa.com/OneWay_Anova_with_
TukeyHSD/) (p < 0.05, n = 3-7 biological replicates). Correlation
analyses of a-Gal content between tick SG or MG and host blood
and between tick SG and MG were conducted by Pearson correla-
tion coefficient calculator (https://www.socscistatistics.com/tests/
pearson/default2.aspx) (p < 0.05, n = 10-11). Variations in a-Gal
levels in R. bursa SG and cement cones at different time points (T1-
T3) were compared by one-way ANOVA test (https://www.socscis
tatistics.com/tests/anova/default2.aspx) (p < 0.05, n = 3 biological
replicates with 3 technical replicates each). Differences in a-Gal
levels in R. bursa between SG and cement cones were compared
by One-way ANOVA with post-hoc Tukey HSD test (https://astatsa.
com/OneWay_Anova_with_TukeyHSD/) (p < 0.05, n = 3 biological
replicates with 3 technical replicates each).

3. Results

3.1. Tick proteins identified by proteomics analysis of
sialome and alphagalactome SA and SG

The experimental approach used model tick species asso-
ciated with the AGS in the United States (A. americanum)
and Australia (I. holocyclus) with a proteomics approach for
the characterization of tick proteins in sialome and alphaga-
lactome SG and SA (Figure 1). In A. americanum, a total of 1633
and 538 proteins were identified in the sialome SG and SA,
respectively (Figure 1, Supplementary Data 1). Of them, 339



were identified in both SG and SA. In the alphagalactome, 372
and 125 proteins were identified in SG and SA, respectively,
with 86 proteins identified in both SG and SA (Figure 1). In
I. holocyclus, fewer proteins were identified in both sialome
and alphagalactome SG and SA with a lower percentage of
proteins identified in the sialome and alphagalactome of both
SG and SA (Figure 1, Supplementary Data 2).

Although some proteins were identified in both tick species
(Figure 1), these results suggested differences in tick sialome
and alphagalactome SG and SA which may be attributed to
multiple factors such as tick species, feeding status (unfed
A. americanum vs. fed I. holocyclus), differences in the metho-
dological approach used for saliva collection and protein con-
tent (3.3 vs. 1.3 mg/ml in A. americanum vs. I. holocyclus) and SG
protein extraction or the amount of proteins available and used
for proteomics analysis. Nevertheless, the percentage of pro-
teins identified in both sialome and alphagalactome were simi-
lar between both tick species (21.2-26.4% and 14.9-15.5% in SG
and SA, respectively) (Figure 1). Furthermore, the number of
proteins identified only in the alphagalactome and probably
associated with protein enrichment after immunoprecipitation
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were also similar between both tick species (26 and 45 proteins
for A. americanum SG and SA, respectively and 38 and 30
proteins for I. holocyclus SG and SA, respectively) (Figure 1).

3.2. Functional annotation of tick proteins identified in
the sialome and alphagalactome SA and SG

The GO analysis of proteins identified in the sialome and
alphagalactome SG and SA showed differences between SG
and SA, sialome and alphagalactome and tick species
(Figure 2). At the BP level, some processes were not repre-
sented in A. americanum (i.e, sexual reproduction and
response to stimulus) or in I. holocyclus (i.e. biosynthetic pro-
cess, cellular and organic substance metabolic process,
defense response, immune system process and response to
host defenses) while other processes showed similar (e.g.
biological regulation and localization) or different (e.g. multi-
cellular organismal process and response to stress) profiles
between tick species (Figure 2). At the MF level, the most
represented functions (e.g. catalytic activity and binding)
showed similar profiles between tick species while other
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species associated with the AGS in the United States (A. americanum) and Australia (/. holocyclus) with a proteomics approach for the characterization of tick proteins
in sialome and alphagalactome SG and SA. The a-Gal levels in A. americanum SG proteins after immunoprecipitation were compared between Alpha-galactosidase
treated and untreated control proteins in ELISA using M86 antia-Gal monoclonal antibody (Ab) by One-way ANOVA with post-hoc Tukey HSD test (One-way ANOVA
p = 3.27E-08, Tukey HSD p = 0.001; n = 2 biological replicates with 3 technical replicates each). The number of proteins identified in the sialome (black numbers),
alphagalactome (red numbers) and in both sialome and alphagalactome (black numbers in red square) are shown in the Venn diagram. The percent of proteins
identified in SG and SA or in both sialome and alphagalactome and the number of proteins identified only in the alphagalactome are shown in dashed red line
squares. Finally, the number of proteins identified in both tick species in shown in the arrow blue panel.
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annotations, 3-D pies were constructed based on percent function representation. All MF with less than 5% representation were grouped and annotated as ‘Other.’

were different (e.g. transporter activity and molecular function
regulator) (Figure 2). As discussed above, some of these differ-
ences may be due to differences in protein identification
associated for example to tick feeding which correlates with
the absence of sexual reproduction MF in unfed
A. americanum but not in fed I. holocyclus. However, similar
profiles suggested an evolutionarily conserved function of tick
alphagalactome proteins.

3.3. Identification and characterization of tick sialome
SG proteins reactive to patients with AGS

Sera from Patients 1 and 2 diagnosed with AGS in compar-
ison with a healthy control individual, all with record of
A. americanum tick bites, were used for the identification
of tick sialome SG proteins by 2-D Western blot analysis
(Figures 3(a-d) and 4). Patient 1 showed more severe symp-
toms of anaphylaxis, stomach pain, diarrhea, nausea, head-
aches, and eczema than Patient 2 who had sweats,
accelerated gut activity and severe urinary bladder inflam-
matory response mimicking a urinary tract infection in
response to mammalian meat consumption. In correlation
with AGS, IgE and IgG antibody titers against a-Gal and pig
kidney proteins were significantly higher (p < 0.01) in
Patients 1 and 2 than in healthy control (Figures 3(a,b)).
For A. americanum proteins, the IgE, IgM and IgG antibody
titers were significantly higher (p < 0.01) in Patient 1 than in
Patient 2 and healthy control and in Patient 2 when com-
pared to healthy control (Figure 3(c)), reflecting a stronger
antibody response to tick proteins in patients with AGS.
Although none of the cases included in the study have
been exposed to I. holocyclus, higher IgM antibody titers

(p < 0.01) in Patient 2 and healthy control than in Patient 1
(Figure 3(d)) probably reflect a higher exposure to other
Ixodes tick species (e.g. I ricinus and/or I. scapularis) in
Patient 2 and healthy control individuals. Alternatively, IgM
antibodies may show significant cross-reactivity due to
higher avidity while having low affinity to an unrelated
antigen.

Selected spots reactive to anti-a-Gal antibodies and/or
Patient 1, Patient 2 and healthy control sera were analyzed
by proteomics (Figure 4 and Table 2). As expected, all
identified proteins were present in the A. americanum sia-
lome SG (Table 2). These results validated the presence of
proteins with a-Gal modifications in the tick sialome SG
(Figure 4 and Table 2). Proteins reactive to anti-a-Gal anti-
bodies in Spots 1 and 2 were also identified by sera from
Patient 1 (Spots 1) and Patient 2 and Control (Spots 2).
Proteins without a-Gal modifications in Spots 3 were reac-
tive only to serum from Patient 2. Proteins in Spots 2 with
a-Gal modifications and reactive to serum from healthy
control individual and Patient 2 may be an indicator of
exposure to tick bites and included multiple Glycine-rich
secreted cement proteins and other structural proteins
(Table 2). These proteins were not identified by Patient’s 1
serum, which suggests that in cases with more severe AGS
symptomatology the antibody response is predominantly
directed against candidate disease markers.

3.4. Characterization of a-Gal content in different tick
species collected from various animal hosts

To further advance in the characterization of the a-Gal content
in different tick species associated or not with the AGS, tick SG
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Figure 3. Antibody response in patients with AGS and healthy control. The IgE, IgM and IgG antibody titers were determined by ELISA against (a) a-Gal, (b) pig
kidney proteins, (c) A. americanum SG proteins and (d) /. holocyclus SG proteins. Results were compared between different individuals by One-way ANOVA with post-
hoc Tukey HSD test (One-way ANOVA p is shown for significant differences with Tukey HSD *p < 0.05, **p < 0.01; n = 6 replicated wells per serum).

and MG extracted proteins were used using a previously
validated experimental approach with a calibration curve
[10,53] (Figure 5). The results showed significantly higher
(p < 0.05) a-Gal content in Hyalomma lusitanicum, Ixodes
ricinus, Rhipicephalus sanguineus, Rhipicephalus bursa and
Rhipicephalus annulatus SG when compared to human HL60
cells negative control. In MG proteins, only H. lusitanicum,
I. ricinus and R. bursa showed higher a-Gal content than the
negative control (Figure 5). Differences in a-Gal levels
between tick species and independently of feeding host,
sex and SG or MG proteins (groups A-H) were also shown
with significant high levels (p < 0.05) in /. ricinus and R. bursa
(Figure 5). As an example, proteins from the R. sanguineus
and R. bursa cement cone were also included and showed
significantly higher (p < 0.01) a-Gal content than the nega-
tive control (Figure 5).

To address the possibility that the a-Gal glycans found in tick
protein extracts come from the bloodmeal source, sera from the
different tick animal hosts were analyzed for a-Gal content
(Table 1) and correlated with the a-Gal content in tick SG
(Figure 6(a)) and MG (Figure 6(b)). The results showed no sig-
nificant correlation (p > 0.2) while a positive correlation (p < 0.05)
in the a-Gal content between tick SA and MG was obtained
(Figure 6(c)). Rhipicephalus bursa female ticks fed on rabbits
and with high a-Gal content in SG, MG and cement cones
(Figure 5) were used to show that a-Gal levels did not vary during
feeding (p > 0.8) in both SG and cement cones, which showed
higher (p < 0.01) a-Gal content than SG (Figure 6(d)).

4. Discussion

Proteomic analysis of the sialome and alphagalactome SG
and SA in two tick species and despite methodological
differences in sample processing, showed that about 21-
26% and 15% of the proteins in the SG and SA, respec-
tively, contain a-Gal modifications in both tick species with
some conserved BP and MF GO annotations. This result
suggested that a-Gal modifications in tick SG and SA pro-
teins may be evolutionarily conserved and independent of
factors such as feeding at least in tick species associated
with the AGS such as A. americanum and I. holocyclus
[33,54-56].

Glycans such as a-Gal that are present in tick-derived
glycoproteins [10,33,43,53,67] are constituents of matrix pro-
teins, which are important for maintenance of tissue struc-
ture, porosity, integrity and matrix organization through
binding to other glycoproteins [68]. The results obtained in
this study confirmed the presence of a-Gal modifications in
A. americanum, I. holocyclus, I. ricinus, R. bursa, which has
been associated with the AGS [33,54-56] and provided evi-
dence for the presence of this glycan in proteins from
R. sanguineus and R. annulatus. The results also provided
additional support for the tick origin of proteins with a-Gal
and secreted into the saliva during feeding.

The results showed an anti-a-Gal antibody response with
higher IgE and IgG titers in patients with AGS and reflected
a stronger antibody response to A. americanum tick proteins in
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Figure 4. Identification of A. americanum sialome SG proteins reactive to pat
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patients with AGS. As discussed previously, this immune
response may be associated with the AGS [33,49,50,69] but
anti-a-Gal IgM/IgG antibodies and other immune mechanisms
activated in response to a-Gal and tick proteins with and
without this modification may be protective against tick infes-
tations and pathogen infection [57,70,71].

Considering the possibility that cases with more severe
AGS symptomatology develop an antibody response predo-
minantly directed against candidate disease biomarkers, the
analysis was focused on proteins in Spots 1, cytoglobin-1,
14-3-3 family chaperone and vitellogenin-1, reactive only to
Patient 1 serum and identified in the A. americanum alpha-
galactome SA (Table 2). Of these proteins, vitellogenin-1
and 14-3-3 family chaperone were also identified in
I. holocyclus alphagalactome SA (Supplementary Data 2).

Cytoglobin-1 is a protein functioning in transport by
binding to heme, metal ion and oxygen (https://www.uni
prot.org/uniprot/B7QHNS). In human cells, cytoglobins are
intracellular proteins ubiquitously produced in all tissues
with regulation of tissue repair and a protective role against
oxidative stress, fibrosis and tumor growth [72-75].
Therefore, upregulation of cytoglobins or its nitric oxide
dioxygenase function may reduce vascular nitric oxide levels
and its protective signaling that may result for example in
liver injury [76]. In arthropods, it has been proposed that

cytoglobin-1
transport [77].

The 14-3-3 family chaperone has been suggested to
function as a molecular adaptor to promote targeting
of misfolded protein aggregates to the aggresome,
a cytoplasmic organelle for sequestration and clearance
of toxic protein aggregates, with implication in neurologi-
cal disorders such as Alzheimer disease and Parkinson dis-
ease [78,79]. Dynamic 14-3-3 mechanisms drive the
adaptive cellular response to stress and nutrient availabil-
ity [80]. Limited information is available about the function
of 14-3-3 family chaperone in arthropods, with evidence
of protein interaction with Hsp60 in domestic silk moth
Bombyx mori larval and adult tissues including brain
and silk gland [81]. In ticks, Hsp60 functions as
a chaperonin and on antigen-presenting cells (APC) to
link innate immune responses and has been suggested as
a candidate protective antigen for vaccines against tick
infestations [82].

Vitellogenin-1 and other members of the vitellogenin
protein family are lipid transporters and precursors of yolk
proteins and derivatives mainly synthesized in the liver
as a result of coordinated endocrine stimulation that
involves brain, ovary, and liver in oviparous and ovovivipar-
ous vertebrates [83]. In Chelicerata, the main function

is involved in respiration through oxygen



EXPERT REVIEW OF PROTEOMICS 1109

Table 2. Amblyomma americanum SG proteins differentially recognized by IgE in sera from AGS patients and healthy individual and reactive or not to a-Gal.

Description

Reactive sera
a-Gal P1 P2 C

Sialome Alphagalactome
SG SA SG SA

Spots 1

Aam-11181. Tropomyosin 1

Aam-249321. Cytoglobin-1

Aam-56458. 14-3-3 family chaperone

Aam-62352. Vitellogenin-1

Aam-8080. Creatine kinase

Aam-86571. Prohibitin or B-cell receptor associated protein (BAP) 32
Spots 2

Aam-1009171. 1 3-ketoacyl-coa thiolase mitochondrial-like protein

Aam-1009328. Short-chain acyl-coa dehydrogenase

Aam-102975. Translocase of outer mitochondrial membrane complex subunit tom40

Aam-1033217. RNA polymerase | and Il subunit
Aam-11373. FOF1-type ATP synthase alpha subunit
Aam-11496. Chain A fructose-16-bisphosphate aldolase
Aam-156390. Synaptic vesicle membrane protein vat-1
Aam-18197. Glycine-rich secreted cement protein
Aam-18208. Glycine-rich secreted cement protein
Aam-18290. Glycine-rich secreted cement protein
Aam-187648. 26S proteasome regulatory complex subunit
Aam-191622. Molecular chaperone

Aam-20799. Actin

Aam-21337. Cathepsin I-like cysteine proteinase b

Aam-229609. Translation initiation factor related to eif-2b alpha/beta/delta subunit cig2/idi2

Aam-239296. 60 kDa chaperonin
Aam-248522. 265 proteasome regulatory complex ATPase rpt6
Aam-27159. Small subunit ribosomal protein S22
Aam-272183. Serine protease inhibitor
Aam-27720. Elongation factor 1 alpha
Aam-27813. Molecular co-chaperone stil
Aam-392155. Glutamate/aspartate and neutral amino acid transporter
Aam-46597. 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial
Aam-502334. Serine protease inhibitor
Spots 3
Aam-1022766. Adducin
Aam-1035671. Tick metalloprotease 1
Aam-12202. Glucosidase Il catalytic alpha subunit
Aam-146480. Aldehyde dehydrogenase
Aam-153443. Vesicle coat complex COPII subunit sec23
Aam-15996. Proline and glutamine-rich splicing factor SFPQ
Aam-16423. K-similarity type RNA binding protein
Aam-26708. WD40 repeat stress protein/actin
Aam-269791. Uncharacterized protein
Aam-309857. Presequence protease mitochondrial isoform 2 precursor
Aam-3221. Molecular chaperone dnak
Aam-53138. Low-density lipoprotein receptor-related protein 1b

All data are disclosed in Supplementary Data 3. Proteins identified in A. americanum sialome and/or alphagalactome SG and SA are shown. Proteins identified in
spots reactive to anti-a-Gal antibodies and sera from Patient 1 (P1), Patient 2 (P2) and healthy control individual (C) are shown.

of vitellogenins is in heme-binding hemolymph storage
throughout reproduction, blood feeding and development
[84]. Human ATP binding cassette (ABC) transporter pro-
teins facilitate the ATP-dependent translocation of lipids or
lipid-related compounds such as cholesterol, plant sterols,
bile acids, phospholipids and sphingolipids with a positive
role in lipid metabolism disorders associated for example
with chronic obstructive pulmonary disease, atherosclerosis
and severe alcoholic hepatitis [85,86]. However, some
ABCA1 variants reduce plasma high-density lipoprotein
and correlate with an increased risk of Alzheimer’s disease
and related dementia and cerebrovascular disease [87].
Recently, Apostolovic et al. [33] using an allergenomics-
proteomics approach identified vitellogenins in [ ricinus
adults and larvae potentially associated with red meat
allergy in the AGS.

The function of the candidate disease biomarkers identi-
fied here (e.g. cytoglobin-1, 14-3-3 family chaperone and
vitellogenin-1) suggest that these proteins may be involved
in the AGS and other disorders but also with the possibility
of mediating protective immune mechanisms against tick
infestations and pathogen infection (Figure 7). Recently,
Cerny et al. [14] identified by proteomics analysis tick sali-
vary proteins associated with acquired resistance to
I. scapularis infestations. Interestingly, some of these pro-
teins such as alpha-2-macroglobulin or related alpha-
macroglobulins, chitinases, esterases and serpins were iden-
tified in our study in the A. americanum alphagalactome SA
and/or sialome SA (Supplementary Data 1) with representa-
tion in 1. holocyclus for alpha-macroglobulins and chitinases
(Supplementary Data 2). These results suggested that some
of these proteins may be candidate vaccine protective
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Figure 5. Glycan a-Gal content in tick SG, MG and cement. Characterization of a-Gal content in tick protein extracts. Protein extracts from human promyelocytic
leukemia HL60 cells (0.029 + 0.016 ng a-Gal/1 ug protein, n = 2) and pork kidney (0.274 + 0.048 ng a-Gal/1 pg protein, n = 2) were included as negative (C-) and
positive (C+) controls, respectively. Results in tick samples (average + S.D. of a-Gal/1 pg protein) were compared with human HL60 cells negative control by
Student's t-test with unequal variance (*p < 0.05, **p < 0.01, n = 2-7 biological replicates). Differences in a-Gal levels between tick species and independently of
feeding host, sex and tissue (groups A-H) were compared by One-way ANOVA with post-hoc Tukey HSD test (One-way ANOVA p = 0.0003, Tukey HSD p < 0.05,

n = 3-7 biological replicates).

antigens to elicit antibody response against combined tick
protein protective epitopes and a-Gal [88].

5. Conclusions

Herein, we confirm that ticks produce proteins with a-Gal mod-
ifications which are secreted into saliva during feeding. Proteins
identified in tick alphagalactome SA using sera from patients
with severe AGS symptomatology may constitute candidate
disease biomarkers (Figure 7). Antibodies and other immune
response mechanisms activated by tick proteins with and with-
out a-Gal modifications may be a protective response against
tick infestations and pathogen infection by interfering with tick
respiration, blood feeding, reproduction, immune response and
development (Figure 7). The characterization of a-Gal modifica-
tions in tick proteins is important to advance research on diag-
nosis and prevention of the AGS (Box 1). However, in addition of
being carrier proteins for a-Gal, the role of tick proteins in the
AGS is unknown but may be associated with dysregulation of
vascular nitric oxide protective signaling, adaptive cellular
response to stress and nutrient availability and increased risk
of cerebrovascular disorders (Figure 7). Other biomolecules such
as a-Gal-modified glycolipids may be involved in the AGS [89].
To address these possibilities, future experiments should focus
on the functional characterization of these, and other candidate
proteins and glycolipids associated with the AGS in animal

models such as C57BL/6 al,3-Galactosyltransferase-knockout
(a1,3-GalT-KO) mice and zebrafish that like humans do not
synthesize a-Gal [53,90,91].

Box 1. Characterization of a-Gal modifications in tick
proteins

The characterization of post-translational modifications and
associated sites is challenging [92]. Not only the identification
of tick proteins with a-Gal modifications, but a-Gal content and
where these modifications occur is relevant to better under-
stand the mechanisms associated to the AGS [93-95]. Despite
limitations of mass spectrometry-based analyses, it is techni-
cally possible to address these questions using proteomics data
as illustrated in this example. Two of the proteins identified in
A. americanum were selected, Aam-55,458 actin-binding cytos-
keleton protein filamin and Aam-56,458 14-3-3 protein zeta
multifunctional 14-3-3 family chaperone. Aam-55,458 is
a cytoskeleton protein identified in sialome SG, sialome SA,
alphagalactome SG but not in alphagalactome SA. Aam-
56,458 is a multifunctional extracellular exosome protein that
was identified in in sialome SG, sialome SA, alphagalactome SG,
alphagalactome SA and by serum from AGS Patient 1 (Table 2).

The results of proteomics analysis showed that with similar
sequence coverage (50.2% Aam-56,458, 52.3% Aam-55,458), pep-
tides with possible a-Gal binding motifs (length 9 to 34 amino
acids) were detected in Aam-55,458 but not in Aam-56,458.
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Figure 6. Correlation of a-Gal content in tick tissues with feeding. (a-c) Correlation analyses of a-Gal content between (a) tick SG or (b) tick MG and host blood
and between (c) tick SG and MG were conducted by Pearson correlation coefficient (R, p < 0.05, n = 10-11). (d) Variations in a-Gal levels in R. bursa SG and cement
cones (average + S.D. of a-Gal/1 g protein) at different feeding time points (T1-T3) were compared by One-way ANOVA test (p < 0.05, n = 3 biological replicates
with 3 technical replicates each). Differences in a-Gal levels in R. bursa between SG and cement cones were compared by One-way ANOVA with post-hoc Tukey HSD
test (One-way ANOVA p = 4.65E-05, Tukey HSD p = 0.001, n = 3 biological replicates with 3 technical replicates each).
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reactive only to Patient 1 serum and identified in the A. americanum alphagalactome SA. Possible mechanisms associated with the biological activity and the
immune response to the biomolecules a-Gal, cytoglobin-1, 14-3-3 family chaperone and vitellogenin-1 with a negative effect in correlation with the AGS and other
disorders and a positive effect associated with protective response against tick infestations and pathogen infection are proposed.
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Aam-55,458 AOA023FMG5 Actin-binding cytoskeleton protein filamin

Sialome SG (43 peptides) Sialome SA (4 peptides) Alphagalactome SG (7 peptides) Alphagalactom SA (0 peptides)
DIHIPGSPFQFTVGPFR DIHIPGSPFQFTVGPFR Not detected Not detected
VVSPSGHDDDCFVAPLDDDQWALR VVSPSGHDDDCFVAPLDDDQWALR Not detected Not detected
EAAPMAEVGSK EAAPMAEVGSK EAAPMAEVGSK Not detected
ALTEGATQTR ALTEGATQTR ALTEGATQTR Not detected
NLYQVNYVVK Not detected NLYQVNYVVK Not detected
VGKDDADPAAVQAYGPGLR Not detected VGKDDADPAAVQAYGPGLR Not detected
VYVMPQAGDTSK Not detected VYVMPQAGDTSK Not detected
EAGVHTVSVR Not detected EAGVHTVSVR Not detected
IELGSVPEHIQVNKPVAF Not detected IELGSVPEHIQVNKPVAF Not detected
DDADPAAVQAYGPGLR Not detected Not detected Not detected
DGSCYISYVVK Not detected Not detected Not detected
DGTVAVSYLPAAPGEYK Not detected Not detected Not detected
EAGAGSLSISVEGPSK Not detected Not detected Not detected
EAGVAQPEVTVK Not detected Not detected Not detected
EVGEHLINVK Not detected Not detected Not detected
FHVDTIQSGYVTAYGPGLTHGVAGEPSNFTISTK Not detected Not detected Not detected
FNDQHIPDSPFK Not detected Not detected Not detected
FNGYHIAGSPFR Not detected Not detected Not detected
FNHEHVQGSPFR Not detected Not detected Not detected
GIAGESCEFNVWTR Not detected Not detected Not detected
GPCDEVFVK Not detected Not detected Not detected
IVGLDDKPVPASIPQEFTIDAR Not detected Not detected Not detected
KLPNGHLGISFTPR Not detected Not detected Not detected
LPNGHLGISFTPR Not detected Not detected Not detected
MPGTSAFDMAAR Not detected Not detected Not detected
NEFTIDTR Not detected Not detected Not detected
NLSASIVAPSGLEEPCFLK Not detected Not detected Not detected
NLYQVNYVVK Not detected Not detected Not detected
NQISVGHSSEVSLK Not detected Not detected Not detected
TGSHITGSPFK Not detected Not detected Not detected
VDKPVIIDNQNGTVSIQYEPR Not detected Not detected Not detected
VNMDCTEEEEGYK Not detected Not detected Not detected
VSYLPTEPGYYIINLK Not detected Not detected Not detected
VTSPSGSSEDAEIADLEDCSYAVHFVPK Not detected Not detected Not detected
YTPLAPGEYFITVK Not detected Not detected Not detected
HNGIHIPASPFR Not detected Not detected Not detected
FGGQPVPGGTYK Not detected Not detected Not detected
DRGDHVWVIVK Not detected Not detected Not detected
LSIAPPTSPETSSMTVDTVVK Not detected Not detected Not detected
WGDDHIPGSPFK Not detected Not detected Not detected
ENGIHQIHIR Not detected Not detected Not detected
VNCTGSVTR Not detected Not detected Not detected
GGLNVAVEGPSK Not detected Not detected Not detected

GTYDVSYMPPPEK-SDCNVRVTYNNK-DIPNSPYK-MK-VR-PTCEPQNVK-IVGLDDK-PVPASIPQEFTIDAR-EAGVAQPEVTVK-GPDNVPR-K-ARVVDNDDGTFR-GQYVLSDVGK-HQINVK-

YG
EVPGSPATVNSVPTGQADK-CK-ISEETK-QEK-VTIGEEYSVTVNAK-QAGK-GAITCTLTNAAG
AEPDVDVQVEDNGDGTYTIFYR-VKEAGEHQVNIK-FGGQPVPGGTYK-ITAVTEQIRQK-TVV
DR-R-FR-SAPPPQGK-FR-PVQLFDIPLQQSAGGQLSAEVIMPSGR-VDK-PVIIDNQNGTVSIQY
EPR-EEGQHELHIK-FNHEHVQGSPFR-FHVDTIQSGYVTAYGPGLTHGVAGEPSNFTISTK-D
AGK-GGLNVAVEGPSK-AEINVHDNK-DGTVAVSYLPAAPGEYK-ISIK-FADK-PIK-GSPFTAK-I
TGEGR-K-R-NQISVGHSSEVSLK-VQEK-DVK-NLSASIVAPSGLEEPCFLK-K-LPNGHLGISFTP
R-EVGEHLINVK-R-TGSHITGSPFK-INVLER-EIGDASK-VK-VQGK-ALTEGATQTR-NEFTIDTR-
EAGYGGLSLSVEGPSK-ADIQCK-DNEDGTLK-VSYLPTEPGYYIINLK-FADHHVTGSPFTVK-
VTGK-GSNIQR-ENIK-K-QR-EAAPMAEVGSK-CTFTYK-MPGTSAFDMTAR-VTSPSGSSEDAEIA
DLEDCSYAVHFVPK-EAGVHTVSVR-NK-DIHIPGSPFQFTVGPFR-DHGAHR-VHAGGPGLER-G
IAGESCEFNVWTR-EAGAGSLSISVEGPSK-AK-IDFK-DRK-DGSCYITYVVK-DPGEYR-VGIK-F
NDQHIPDSPFK-VYVMPQAGDTSK-IELGSVPEHIQVNK-PVAFTISMNGAK-GNLDGK-VVSPS
GHDDDCFVAPLDDDQWALR-FIPR-ENGIHQIHIR-HNGIHIPASPFR-IR-VGK-DDADPAAVQA
YGPGLR-DVK-SGVK-TDFIVDTCNAGAGSMAVTIDGPTK-VNMDCTEEEEGYK-VR-YTPLAPGE
YFITVK-FNGYHIAGSPFR-VNCTGSVTR-STGGR-LSIAPPTSPETSSMTVDTVVK-QAAK-K-AD
HLPK-FR-SNAAK-VTSK-GMGLK-R-AVLNK-QNQFTVNCLDAGNNLIYVTVYGPK-GPCDEVFVK-H
LGR-NLYQVNYVVK-DR-GDHVVIVK-WGDDHIPGSPFK-VEVV
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Aam-56,458 L7M1Q0 14-3-3 protein zeta multifunctional 14-3-3 family chaperone

Sialome SG(12 peptides) Sialome SA(6 peptides) Alphagalactome SG (3 peptides) Alphagalactome SA (1 peptide)
NLLSVAYK Not detected Not detected NLLSVAYK
YLAEVATGEQR YLAEVATGEQR YLAEVATGEQR Not detected
VISSIEQK VISSIEQK VISSIEQK Not detected
MDKDELVQR Not detected MDKDELVQR Not detected
DSTLIMQLLR DSTLIMQLLR Not detected Not detected
EICYDVLGLLDK EICYDVLGLLDK Not detected Not detected
QVTETGVELSNEER QVTETGVELSNEER Not detected Not detected
QAFDDAIAELDTLNEDSYK QAFDDAIAELDTLNEDSYK Not detected Not detected
AYQEAFDISK Not detected Not detected Not detected
EICYDVLGLLDKYLIPK Not detected Not detected Not detected
YDDMAAAMK Not detected Not detected Not detected
MQPTHPIR Not detected Not detected Not detected

MDK-DELVQR-AK-LAEQAER-YDDMAAAMK-QVTETGVELSNEER-NLLSVAYK-NVVGAR-R-SSWR-
VISSIEQK-TEGSER-K-QQMAR-EYR-EK-VEK-ELR-EICYDVLGLLDK-YLIPK-ASNAESK-VFYLK-
MK-GDYYR-YLAEVATGEQR-NSVVEESQK-AYQEAFDISK-SK-MQPTHPIR-LGLALNFSVFYYE
ILNSPDK-ACQLAK-QAFDDAIAELDTLNEDSYK-DSTLIMQLLR-DNLTLWTSDTQGDGDEQQEGGDN
Hyphens (-) represent trypsin protein digestion site (COOH-R/K). Peptides highlighted in grey, green, blue or yellow represent those identified in sialome SG, sialome

SA, alphagalactome SG and alphagalactome SA, respectively. Some peptides were detected in multiple samples. Amino acids in bold letters represent the glycan

signature possible a-Gal binding motifs (N-X-T/S).

Model of 14-3-3 zeta/phosphopeptide complex homodimer with bi-antennary a-Gal N-glycans in predicted sides. The model was constructed with SWISS-MODEL

(https://swissmodel.expasy.org/templates/1qgjb.1) [96].

Monomer B
COOH@
T
@ COOH
S
NF
o
L h%é
(@)
NH2
N
g
Monomer A
@NH2

The likely explanation for this finding is that peptides with a-Gal ~ found in alphagalactome SA and identified by AGS Patient 1
modifications were not detected due to changes in peptide (Table 2), suggesting that this protein is modified with a-Gal to
masses [92]. Although both proteins were identified in tick sialome  a grater extend than Aam-55,458. Consequently, peptides with
SG, sialome SA and alphagalactome SG, only Aam-56,458 was  glycan signature but without a-Gal were detected in Aam-55,458.
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However, in Aam-56,458 peptides with glycan signature were
modified with a-Gal and thus not identified by the proteomics
analysis performed in this study.

Taken together, these results support the presence of a-Gal
modifications in peptides of the C-terminus of Aam-56,458
and reinforce the possible role of this protein in AGS and the
potential to be used as diagnostic biomarker.
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Abstract: Ticks are obligate hematophagous arthropods and vectors of pathogens affecting human
and animal health worldwide. Cement is a complex protein polymerization substance secreted by
ticks with antimicrobial properties and a possible role in host attachment, sealing the feeding lesion,
facilitating feeding and pathogen transmission, and protection from host immune and inflammatory
responses. The biochemical properties of tick cement during feeding have not been fully characterized.
In this study, we characterized the proteome of Rhipicephalus microplus salivary glands (sialome)
and cement (cementome) together with their physicochemical properties at different adult female
parasitic stages. The results showed the combination of tick and host derived proteins and other
biomolecules such as a-Gal in cement composition, which varied during the feeding process.
We propose that these compounds may synergize in cement formation, solidification and maintenance
to facilitate attachment, feeding, interference with host immune response and detachment. These results
advanced our knowledge of the complex tick cement composition and suggested that tick and host
derived compounds modulate cement properties throughout tick feeding.

Keywords: tick; cement; proteomics; dispersive energy X-ray spectroscopy; sialome; cementome;
alpha-gal




Biomolecules 2020, 10, 555 20f24

1. Introduction

Ticks (Arthropoda: Ixodida) are obligate hematophagous arthropods and vectors of pathogens
affecting human and animal health as well as animal welfare and production worldwide [1-4].
The spread of ticks at different geographical scales increases the risk of pathogen transmission to
humans and animals since new colonization events may happen in areas with low awareness towards
the diseases caused by these pathogens [5].

Ixodid ticks feed on blood for a relatively long period and an evolutionary adaptation to overcome
host inflammatory and immune responses using molecules produced in tick salivary glands or recycled
from the host and inoculated with saliva into the feeding site [6-22]. Cattle tick Rhipicephalus microplus
(Canestrini, 1888) is an Ixodid one-host tick species (all developmental stages remain on the same host)
with an impact on cattle industry in tropical and subtropical regions of the world [3,9,10]. However,
despite the growing impact of ticks on humans and animals worldwide, effective and environmentally
friendly control methods such as vaccines among other interventions are still required to control tick
infestations and tick-borne diseases [23-26].

As recently supported by mechanistic studies [27], feeding of ixodid ticks begins with the secretion
through inserted mouthparts of cement salivary proteins [28]. Cement is a complex substance secreted
by most ticks of the family Ixodidae including Rhipicephalus spp. to anchor their mouthparts to the host
skin [29]. The cement has not only adhesive properties but has been proposed to have a possible
role in antimicrobial properties, seals the lesion during feeding, facilitates feeding and pathogen
transmission, and protects ticks from host immune and inflammatory responses [22,29]. Tick cement
has been studied using different methodological approaches to characterize its structure, protein
and chemical composition, and functional implications such as decrease in the width of cement
cone as it goes deeper into the host skin or after Glycine-rich protein coding gene knockdown in
Amblyomma americanum [16,20,29,30]. However, the biochemical properties of tick cement during
different ectoparasite feeding stages have not been fully characterized.

The objective of this study was to characterize the tick and host derived compounds present
in the cement throughout tick feeding. To address this objective, in this study we characterized
the proteome of tick R. microplus salivary glands (sialome) and cement (cementome) together
with physical and chemical properties of the cement collected at different adult female parasitic
stages. Our experimental approach using proteomics allowed high throughput identification of
tick and host derived proteins in both sialome and cementome. Additionally, the first analysis
of the chemical elements using scanning electron microscopy (SEM) combined with dispersive
energy X-ray spectroscopy (EDS) allowed the characterization of changes in their composition in tick
salivary glands and cement during tick feeding, which correlated with changes in protein profiles.
The composition of glycan «-Gal was characterized in tick sialome and cementome with putative
functional implications (see Section 3.7). These results advanced our knowledge of the complex tick
cement composition and suggested that tick and host derived compounds modulate the biochemical
properties of the cement throughout tick feeding.

2. Materials and Methods

2.1. Ticks

The R. microplus (Susceptible Media Joya strain, CENAPA, Mexico) ticks were obtained from
a laboratory colony maintained at the University of Tamaulipas (UAT), Mexico [31]. Tick larvae were
fed on cross-bred Bos taurus cattle and collected after repletion to allow for oviposition and hatching
in humidity chambers at 12 h light:12 h dark photoperiod, 22-25 °C and 95% relative humidity (RH).
Larvae were used for infestations at 15 days after hatching from eggs. Female ticks were manually
detached at different time points (50 ticks per replicate, n = 2 biological replicates). The study was
conducted in accordance with standards specified in the Guide for Care and Use of Laboratory Animals
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for the University of Tamaulipas (UAT), Mexico. The protocol was approved by the ethics committee
of the UAT (No. CBBA_17_0).

2.2. Collection of Tick Cement Cones and Salivary Glands

Tick cement cones were carefully collected using soft tissue forceps from mouthparts of manually
detached adult female ticks after feeding on cattle for 14-17 (T1), 18-20 (T2), and 21-25 (T3) days
post-infestation (dpi) and corresponding to parasitic stages immediately after molting to adults
(T1), secondary cement production (T2), and just before tick detachment (T3). Special attention
was taken to remove all host-derived skin or hairs attached to the cement. Salivary glands were
extracted from the same dissected ticks. Collected cement cones were rinsed with PBS with 1% of
protease inhibitor cocktail M221 (VWR Life Science AMRESCO, OH, USA) and kept in PBS/M221 or
RNAlater (Sigma-Aldrich, St. Louis, MO, USA). Salivary glands were dissected from female ticks
and washed in ice-cold PBS containing the protease inhibitor cocktail to remove hemolymphs-related
cells as previously described [14,32] and kept in RN Alater (Sigma-Aldrich) until analysis.

2.3. Protein Extraction from Tick Salivary Glands and Cement

Tick salivary glands and cement samples were resuspended in 200 uL 50 mM Tris-HCl pH 7.4
supplemented with 4% sodium dodecyl sulfate (SDS), 1 mM DTT and complete protease inhibitor
cocktail (Roche, Basel, Switzerland) using a 1 mL syringe with a 40 mm needle (Terumo Europe Espaiia
SL, Alcala de Henares, Spain). Samples were sonicated for 3 min in an ultrasonic cooled bath, followed
by vortexing for 10 sec. After five cycles of sonication-vorteXx, tick salivary glands and cement lysates
were centrifuged at 200x ¢ for 5 min. Salivary glands were completely solubilized and salivary glands
and cement supernatants were collected. Pellet cement samples were homogenized in lysis buffer (8§ M
urea, 2 M thiourea, and 2% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesultonate (CHAPS),
following the same protocol until cement samples were completely homogenized. Protein concentration
in salivary glands and SDS and urea cement extracts was determined using the Bicinchoninic acid
(BCA) Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) following manufacture’s
recommendations. Proteins extracts were methanol/chloroform precipitated and stored at =20 °C
until analysis.

2.4. Proteomics Analysis of Tick Sialome and Cementome

The sialome and cementome of R. microplus female ticks collected at different feeding stages were
characterized by proteomics analysis using reverse phase liquid chromatography mass spectrometry
(RP-LC-MS/MS) using an ekspertTM nanoLC 415 system coupled on line with a 6600 TripleTOF mass
spectrometer (Ab Sciex, Framingham, MA, USA) through information-cyclic data independent
acquisition (DIA) followed by sequential windowed data independent acquisition of the total
high-resolution mass spectra (SWATH)-mass spectrometry (MS). Fifty micrograms of proteins from
each sample were on-gel concentrated by SDS-PAGE and trypsin digested as previously described [33].
Resulting peptides were desalted onto OMIX Pipette tips C18 (Agilent Technologies, Santa Clara,
CA, USA), dried-down and stored at —20 °C until analysis. The desalted protein digests were
resuspended in 2% acetonitrile, 5% acetic acid in water for analysis. Approximately 4 ug of each
protein digest of the two biological replicates were pooled together as a mixed sample from tick salivary
glands and SDS and urea-extracted cement samples, respectively, collected at three different feeding
stages (T1-T3), which were used for the generation of the reference spectral ion library as part of
the SWATH-MS analysis. The peptides were concentrated using a 0.1 X 20 mm C18 RP precolumn
(Thermo Fisher Scientific), and then separated using a 0.075 x 250 mm C18 RP column (New Objective,
Woburn, MA, USA) operating at 0.3 mL/min. Peptides were eluted using a 120 min gradient from
5% to 30% solvent B in solvent A followed by 15 min gradient from 30% to 60% solvent B in solvent
A (Solvent A: 0.1% formic acid in water, solvent B: 0.1% formic acid in acetonitrile) and directly injected
into the mass spectrometer for analysis. For IDA experiments, the mass spectrometer was set to
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scanning full spectra (350-1400 m/z) using 250 ms accumulation time per spectrum, followed by up to
50 MS/MS scans (100-1500 m/z). Candidate ions with a charge state between +2 and +5 and counts per
second above a minimum threshold of 100 were isolated for fragmentation. One MS/MS spectrum
was collected for 100 ms, before adding those precursor ions to the exclusion list for 15 sed (mass
spectrometer operated by Analyst TF 1.6, Ab Sciex). Dynamic background subtraction was turned off.
MS/MS analyses were recorded in high sensitivity mode with rolling collision energy on and a collision
energy spread of 5. For SWATH quantitative analysis, fifty-four independent samples (three technical
replicates of each biological replicate from salivary glands, SDS cement and urea cement extracts
collected at T1, T2, and T3 dpi) (8 ug each) were subjected to the cyclic data independent acquisition
(DIA) of mass spectra using the SWATH variable windows calculator (V 1.0, Ab Sciex) and the SWATH
acquisition method editor (Ab Sciex), similar to established methods [34]. A set of 50 overlapping
windows was constructed (containing 1 m/z for the window overlap), covering the precursor mass
range of 400-1250 m/z. For these experiments, a 50 ms survey scan (350-1400 m/z) was acquired
at the beginning of each cycle, and SWATH-MS/MS spectra were collected from 100-1500 /z for 70 ms
at high sensitivity mode, resulting in a cycle time of 3.6 sec. Collision energy for each window was
determined according to the calculation for a charge +2 ion-centered upon the window with a collision
energy spread of 15.

2.5. Library Generation, Protein Identification, Data Processing, and Relative Quantitation

To create a spectral library of all the detectable peptides in the samples, the IDA MS raw files were
combined and subjected to database searches in unison using ProteinPilot software v. 5.0.1 (Ab Sciex)
with the Paragon algorithm. Spectra identification was performed by searching against a compiled
database containing all the sequences from Uniprot (https://www.uniprot.org) Ixodidae and Bos
taurus taxa (148,942 and 32,715 entries, respectively, in April, 2019) with the following parameters:
iodoacetamide cysteine alkylation, trypsin digestion, gel-based ID as special factor, identification
focus on biological modification and thorough ID as search effort. We used the Ixodidae database
to improve protein identification for a more comprehensive proteomics analysis because it contains
148,942 entries while for Rhipicephalus only 46,429 are available. The detected protein threshold was set
at0.05. Anindependent False Discovery Rate (FDR) analysis, using the target-decoy approach provided
by Protein Pilot (Ab Sciex; https://sciex.com/products/software/proteinpilot-software), was used to
assess the quality of identifications. Positive identifications were considered when identified proteins
reached a 1% global FDR. For SWATH processing, up to ten peptides with seven transitions per protein
were automatically selected by the SWATH Acquisition MicroApp 2.0 in the PeakView 2.2 software
(AD Sciex; https://sciex.com/products/software/peakview-software) with the following parameters:
15 ppm ion library tolerance, 5 min XIC extraction window, 0.01 Da XIC width, and considering
only peptides with at least 99% confidence and excluding those which were shared or contained
modifications. However, to ensure reliable quantitation, only proteins that had 3 or more peptides
available for quantitation were selected for XIC peak area extraction and exported for analysis in
the MarkerView 1.3 software (Ab Sciex; https://sciex.com/products/software/markerview-software).
Global normalization was performed according to the Total Area Sums (TAS) of all detected proteins
in the samples. The Student’s t-test (p < 0.05) was used to perform two-sample comparisons between
the averaged TASs of all the transitions derived from each protein across the three replicate runs for each
sample under comparison in order to identify proteins that were significantly differentially represented
between time points (T1-T3). Gene ontology (GO) annotations were obtained using Blast2GO software
(http://www.blast2go.org). Host and tick derived proteins identified in the sialome and cementome
differentially represented in at least one comparison between the different time points (T1 vs. T2, T2 vs.
T3, and T1 vs. T3) were grouped based on the assignment to putative categories of developmentally
relevant processes according to their representation profile. Based on representation profiles, proteins
were putatively assigned to different categories of developmental processes including secondary cement
production I and II, cement maintenance, feeding, feeding and oogenesis, molting, and detachment.
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Proteins without significant differences in representation at different time points were assigned to
housekeeping functions (Figure 1). The assignments to developmental processes were used for
protein profile classification and some proteins may be implicated in different tissue-specific processes.
Raw proteomics data were deposited at the PeptideAtlas repository (http://www.peptideatlas.org/)
with the dataset identifier PASS01524. Results are included in Data S1-S4 and Tables S1 and S2.
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Figure 1. Experimental design. The sialome, cementome, and salivary glands and cement physical
and chemical properties were characterized in R. microplus adult female ticks during feeding on cattle
in samples collected at three time points corresponding to 14-17 dpi (T1; immediately after molting to
adults immobile ticks), 18-20 dpi (T2; during secondary cement production), and 21-25 dpi (T3; just prior
to tick detachment). After protein extraction, proteomics was used for the identification, quantitation,
functional annotation, and assignment to putative developmentally relevant processes based on
the representation of sialome and cementome proteins derived from bovine host and tick. Based on
representation profiles in arbitrary units, proteins were putatively assigned to different categories
of developmental processes including secondary cement production, cement maintenance, feeding,
oogenesis, molting, detachment, and housekeeping functions. Cement physical and chemical properties
and «-Gal content were also characterized. Finally, selected proteins based on their representation
and predicted function in tick-host interactions were analyzed by Western blot.

2.6. Tick salivary Glands and Cement Physical and Chemical Properties

The amino acid composition, theoretical isoelectric point (pI), atomic composition, instability
index. and grand average of hydropathicity (GRAVY) of the peptides used to identify all host
proteins identified in the cementome but not in the sialome (host), 100 randomly selected tick proteins
identified in the sialome but not in the cementome (tick), all host proteins identified in the sialome
and cementome (host cement), and all tick proteins identified in the cementome (tick cement) (Data S4)
were analyzed using the ProtParam tool (https://web.expasy.org/protparam) [35]. Results are included
in Table S3. Individual tick cement and salivary gland samples collected at the same time points
(T1-T3) were dehydrated in an incubator at 37 °C for 24 h in preparation for analysis with SEM.
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The samples were placed and mounted on standard aluminum SEM sample holders with conductive
carbon adhesive tabs. The samples were observed and analyzed with a field emission scanning
electron microscope (Zeiss GeminiSEM 500, Oberkochen, Germany) operating in high vacuum mode
at an acceleration voltage of 15 kV and without metal coating. For the analysis of chemical elements, 3
area scans per sample were included using an 80 mm? EDS detector (Oxford Instruments, Abingdon,
United Kingdom). Results are included in Data S5 and S6. The composition of chemical elements in
the cement and salivary glands of R. microplus were compared at different time points by One-way
ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx; p < 0.05, n = 2—4 biological
replicates). The correlation analysis between total protein atomic composition in tick-derived proteins
identified in the sialome but not in the cementome (Tick), all tick-derived proteins identified in
the cementome (Tick cement) and all host-derived proteins identified in the sialome and cementome
(Host cement) (Table S3) and T1-T3 average chemical atomic percentage of relative abundance in
tick salivary glands and cement (Data S6) was performed using the elements identified in both
sialome/cementome and tick salivary glands/cement chemical composition (C, N, O, and S) with
Spearman’s Rho test calculator (https://www.socscistatistics.com/tests/spearman/default2.aspx).

2.7. Tick Sialome and Cementome a-Gal Content

The Gala1-3GalB1-(3)4GlcNAc-R (a-Gal; Figure S1) content was analyzed in tick sialome
and cementome at different time points (T1-T3). An ELISA test was used to determine the x-Gal levels
in protein extracts. Plates were coated with 100 ng of protein per well in carbonate/bicarbonate buffer
and incubated overnight at 4 °C and blocked with 1% human serum albumin (Sigma-Aldrich) in PBS
for 1 h at room temperature (RT), following three washes with PBS containing 0.05% Tween 20 (PBST).
The anti-x-Gal epitope monoclonal antibody (M86; Farmingdale, NY, USA) was added at 1:50 dilution
in PBS and incubated for 1 h at 37 °C followed by three washes with PBST. Then, goat anti-mouse IgM
(u-chain specific) peroxidase-conjugated antibodies (Sigma-Aldrich) were added at 1:20000 dilution
in PBS. The reaction was visualized by adding 100 puL of 3,3’,5,5"- Tetramethylbenzidine (Promega,
Madison, WI, USA) and incubated for 20 min in the dark at RT. The optical density (OD) was measured
at 450 nm with a Multiskan FC ELISA reader (Thermo Fisher Scientific). The average value of the blanks
(wells without tick protein coating; n = 3) was subtracted from all reads and the average of 3 replicates
for each sample was used for further analysis. Protein extracts from human promyelocytic leukemia
HL60 cells (ATCC CCL-240) and pork (Sus scrofa) kidney were included as negative and positive
controls, respectively. A calibration curve with 0.0 to 1.0 ng bovine serum albumin (BSA)-o-Gal (Dextra,
Shinfield, UK) and O.D. values at 450 nm was constructed using Microsoft Excel for Mac (v. 16.26)
to convert ELISA reader values to x-Gal content per sample (R2=0.913; Figure S2). The results (average
+ S.D. of a-Gal/1 ug protein) were compared between pork kidney positive control, salivary gland
or cement samples and HL60 cells negative control and between salivary gland and cement samples
at different time points (T1-T3) by Student’s t-test with unequal variance (p < 0.05, n = 3 biological
replicates). Variations in x-Gal levels at different time points (T1-T3) in both sialome and cementome
were compared by one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx)
(p < 0.05, n = 3 biological replicates).

2.8. Network Analysis of Tick Cementome

A network of interactions was used for the integration of data obtained from R. microplus proteins
identified by proteomics in the cementome at different feeding stages. The methodology to build
the network of interactions has been previously described and validated [36]. This network consists of
a set of nodes that are connected by edges where nodes are the interacting items, and links between
nodes represent the strength with which they interact. In this development, we used the Sparse
Correlation for Compositional Data (SparCC) to obtain the strength of association between proteins [37],
which infers associations in compositional data by estimating the linear Pearson’s correlations between
the log-transformed components. Correlation values from SparCC between co-occurring proteins
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were used to populate the weights of the links among nodes and build the network. Centrality is
a fundamental property of the network because it refers to nodes that connect high score nodes [36,38].
In this context, “high score” applies to other nodes with high importance in the network. We calculated
the importance of a node in the “traffic” between different nodes of the network using Betweenness
Centrality (BNC), giving a higher score to a node that sits on many shortest paths of other node
pairs [36,39]. In our context, this score is an indicator of the relative importance of a protein co-occurring
with two or more proteins.

2.9. Recombinant Proteins and Antibodies

Recombinant tick histone H4 (Q4PM69), aminopeptidase N (AOA131YLU7) and Glycine-rich
superfamily member (A0A224YEQ4) proteins (Table S4) were produced in Escherichia coli. Genes
coding for histone H4 and aminopeptidase N were cloned by RT-PCR using R. microplus RNA
and gene-specific primers (Table S4). The Glycine-rich superfamily member was amplified from
a synthetic gene optimized for codon usage in E. coli (Genscript Corporation, Piscataway, NJ, USA)
(Table S4). For the production of the membrane-bound histone H4-Anaplasma marginale major surface
protein 1la (MSP1a) chimera, recombinant E. coli BL21 cells transformed with the pMBXAF3 expression
vector were used [40]. In this construct, as for others MSP1a chimeras [41], the inserted histone
H4 coding region is fused to MSP1a and is under the control of the inducible tac promoter [40].
The amplified DNA fragments from aminopeptidase N and Glycine-rich superfamily member protein
coding regions were cloned into the expression vector pET101 and all the proteins were produced in
the E. coli strain BL21 using the Champion pET101 Directional TOPO Expression kit (Carlsbad, CA, USA).
Recombinant histone H4-MSP1a was purified as previously reported [42]. Briefly, recombinant proteins
were fused to Histidine tags for purification by affinity to Ni [43,44]. Transformed E. coli strains were
induced with IPTG for 4.5 h to produce recombinant proteins, which were purified to >85% of total
cell proteins by Ni affinity chromatography as previously described [43,44] using 1 mL HisTrap FF
columns mounted on an AKTA-FPLC system (GE Healthcare, Piscataway, NJ, USA) in the presence of
7 M urea lysis buffer. The purified antigens were refolded by dialysis against 1,000 volumes of PBS
(137 mM NaCl, 2.7 mM KCl, 10 mM Nay;HPOy, 1.8 mM KH,POy, pH 7.4) for 12 h at 4 °C and stored
at =20 °C until used.

For histone H4-MSP1a and aminopeptidase N recombinant proteins, two New Zealand white
rabbits (Oryctulagus cuniculus) were subcutaneously injected at weeks 0, 4, and 6 with 50 ug protein
in 0.4 mL Montanide ISA 50 V adjuvant (Seppic, Paris, France). Blood was collected before injection
and 2 weeks after the last immunization to prepare preimmune and immune sera, respectively. Serum
aliquots were kept at 4 °C for immediate use or at =20 °C for long-term storage. The IgG were purified
from serum samples using the Montage antibody purification kit and spin columns with PROSEP-A
media (Millipore, Billerica, MA, USA) following the manufacturer’s recommendations. Commercial
antibodies against host pan-keratins (ab190625), desmoplakin (ab106342) and alpha-2-HS-glycoprotein
(AHSG; ab112528) proteins (Abcam, Cambridge, UK) were used for analysis. In a previously described
validation approach [45], these antibodies were used to detect host-derived proteins in fed ticks
(Figure S3).

2.10. Western Blot or Dot Blot Analysis of Recombinant Proteins and the Tick Sialome and Cementome

2.10.1. Recombinant Proteins (Histone H4-MSP1a, Aminopeptidase N, and Glycine-Rich Superfamily
Member Protein; Figure S4)

For Western blot analysis, 10 ug of purified recombinant proteins were separated by electrophoresis
on a sodium dodecyl sulfate (SDS)-12% polyacrylamide gel (Life Science, Hercules, CA, USA) and either
stained with Coomassie Brilliant Blue or transferred to a nitrocellulose membrane. The membrane
was blocked with 5% BSA (Sigma-Aldrich) for 2 h at RT, washed four times with Tris-buffered saline
(TBS; 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% Tween 20). Pooled sera collected from histone H4,
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Aminopeptidase N vaccinated rabbits and polyclonal rabbit anti-Glycine-rich superfamily member
protein antibodies (Abcam) were used as primary antibodies. Primary antibodies were used at a 1:200
dilution in TBS, and the membrane was incubated overnight at 4 °C and washed four times with TBS.
The membrane was then incubated with an anti-rabbit IgG-horseradish peroxidase (HRP) conjugate
(Sigma-Aldrich) diluted 1:1000 in TBS with 3% BSA (BSA/TBS). The membrane was washed five times
with TBS and finally developed with TMB (3,3", 5,5"-tetramethylbenzidine) stabilized substrate for
HRP (Promega, Madrid, Spain) according to the manufacturer recommendations.

2.10.2. Tick Cementome and Sialome

Cement protein lysate (10 pg) and salivary gland protein lysate (20 pg) were methanol/chloroform
precipitated, resuspended in Laemmli sample buffer and separated on an SDS-polyacrylamide precast
gel (ClearPage Expedeon, VWR, Radnor, PA, USA). Due to the limited amount of cementome
and sialome proteins, Western blot analysis was performed for aminopeptidase N only to avoid
the limitations posed by the different representation profiles of protein families such as Histones
and Glycine-rich superfamily member proteins (Figure S5). After electrophoresis, proteins were
transferred to a nitrocellulose blotting membrane (GE Healthcare Dharmacon Inc., Lafayette, CO, USA),
blocked with 3% BSA (Sigma-Aldrich) in TBS (3% BSA/TBS) and incubated overnight at 4 °C with
antibodies against tick recombinant aminopeptidase N diluted 1:200 in 3% BSA/TBS. To detect
the IgG antibodies bound to tick proteins, membranes were incubated with goat anti-rabbit IgG
peroxidase antibody (Sigma-Aldrich) diluted 1:1000 in 3% BSA/TBS. Immunoreactive proteins were
visualized by chemiluminescence with Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific).
Quantitative analysis was performed using the Fiji Image]J (https://imagej.nih.gov/ij/download.html) to
measure the intensity of the protein bands and after substation of the intensity of the PBS control to
compare the results at different time points. For the dot blot analysis of the other selected proteins
(Figures S6-S8), cement and salivary gland proteins were applied onto each strip in 6 different dots
(volume per dot, 25 uL at 5 pg/uL. Then the dots were allowed to dry by gravity flow, immersed in
50 uL of 3% BSA/TBS for 15 min approximately and filtered by gravity. Membranes were washed
two times with TBS and incubated with primary antibodies diluted at different concentrations in
1% BSA/TBS against Histone H4 (1:100), Glycine-rich superfamily member proteins (1:200) and host
pan-keratins (1:300), desmoplakin (1:300) and alpha-2-HS-glycoprotein (1:300). To detect the IgG
antibodies bound to tick proteins, membranes were incubated with goat anti-rabbit IgG peroxidase
antibody (Sigma-Aldrich) diluted 1:1000 in 1% BSA/TBS. Membranes were washed two times with
TBS and immunoreactive proteins were visualized with chemiluminescence with Pierce ECL Western
blotting substrate (Thermo Fisher Scientific). Quantitative analysis was performed as described above
for Western blot analysis.

3. Results and Discussion

3.1. Experimental Design and Rationale

Rhipicephalus microplus are one-host ticks that complete parasitic stages of their life cycle while
feeding on the same host and with an impact on cattle industry in tropical and subtropical regions of
the world [3,46]. The R. microplus were selected for analysis because little information is available on
cement composition in this tick species. The experimental design (Figure 1) included the characterization
of sialome, cementome, and salivary gland and cement physical and chemical properties in R. microplus
adult female ticks during feeding on cattle in samples collected at three time points corresponding to 14-17
dpi (T1; immediately after molting to adults immobile ticks), 18-20 dpi (T2; during secondary cement
production), and 21-25 dpi (T3; just prior to tick detachment). R. microplus one-host ticks remain attached
to the host throughout all parasitic stages with a continuously functioning feeding apparatus during
molting [47]. Sampling times were selected based on the well-known life cycle in cattle of the R. microplus
susceptible Media Joya strain laboratory colony maintained at the UAT, Mexico [31]. The SDS-based
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protein extraction is commonly used for proteomics analysis of tick samples such as salivary glands, saliva,
and cultured cells [12,32,33]. However, probably due to cement composition with previously unknown
components, it was not fully dissolved in SDS-containing buffer. Therefore, to improve protein extraction
for cementome analysis, a urea-containing buffer previously applied to tick cement analysis [16,30] was
used in addition to SDS. This approach resulted in a higher protein identification in the tick cementome
(654 proteins) when compared to SDS-based (388 proteins) or urea-based (266 proteins) extraction protocols
alone (Figure 2A). After protein extraction, proteomics was used for the identification, quantitation,
functional annotation, and assignment to putative developmentally relevant processes based on novel
methodology based on the representation profile of sialome and cementome proteins derived from bovine
host and tick. Based on representation profiles after significant differences in pairwise comparisons
between time points, proteins were putatively assigned to different categories of developmental processes
including secondary cement production, cement maintenance, feeding, oogenesis, molting, detachment,
and housekeeping functions. Salivary glands, cement physical and chemical properties, and «-Gal
content were also characterized. The selection of proteins for analysis was focused on the cementome
because little information is available for this complex substance playing a key role during tick parasitic
stages [16,29,30,48]. Finally, selected proteins based on their representation and predicted function in
tick-host interactions were analyzed by Western blot to further validate proteomics results.

A mSialome

Detachment; Secondary Detachment,
m Cementome (urea) cement ) 6%
[ Cementome (SDS) production;
10%
22500 2197 2264 a
© 2000
=
g 1500
€ 1000
s
= 500
(=]
=

Cement
Host Tick Total maintenance,

0% Siai
ialome H
B

mTotal m@Host [ Tick

i .

‘g 560 Detacar;ément,_\ Feeding, 2%
21000

©

A

Z

S

bl

L]

=

Sialome

Sialome

Cement

maintenance Molting, 0%
2%

Cementome H Cementome %
T1-12 | T1-T3 T2-13

Cementome (urea)
Cementome (SDS)
Cementome (urea)
Cementome (SDS)
Cementome (urea)
Cementome (SDS)

Figure 2. Protein representation profiles in tick sialome and cementome. (A) Number of host, tick,
and total proteins identified in the sialome and cementome (proteins extracted with urea and sodium
dodecyl sulfate (SDS)). (B) Host, tick, and total number of differentially represented proteins (p < 0.05;
Data S4) identified in the sialome and cementome (proteins extracted with urea and SDS). (C) Assignment
of hostand tick derived differentially represented proteins identified in the sialome to putative categories
of developmentally relevant processes based on their representation profile. (D) Assignment of host
and tick derived differentially represented proteins identified in the cementome to putative categories
of developmentally relevant processes based on their representation profile. Proteins in the cementome
extracted with urea and SDS were grouped together with unique non-redundant entries (Data S4).
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3.2. The Representation of R. Microplus Tick and Cattle Host Derived Proteins in the Sialome and Cementome
Change during Adult Female Parasitic Stages

Proteins have been identified as the main components of the tick cement [49]. Our experimental
approach using proteomics allowed the identification of tick and host derived proteins in the sialome
and cementome (2264 and 654 total number of proteins identified in the sialome and cementome,
respectively; Figure 2A) (Data S1-54). These results expand the repertoire of identified cementome
tick and host derived proteins, which were previously limited to less than 200 proteins [16,30].
Cattle host-derived proteins were identified in the tick sialome and cementome with higher
representation in the later (Figure 2A). As expected, tick-derived proteins were also identified
in the sialome and cementome but with over 15-fold representation in the sialome (Figure 2A). Similar
results were obtained when only differentially represented proteins (p < 0.05 at least between two time
points; Data 54) were considered (Figure 2B).

Host and tick derived differentially represented proteins identified in the sialome and cementome
were then grouped based on the assignment to putative categories of developmentally relevant
processes according to their representation profile (Figure 1, C,D). The sialome host-derived proteins
were mostly represented (86%) in feeding and oogenesis and secondary cement production, while 69%
of tick-derived proteins were represented in the molting and cement maintenance representation
profiles (Figure 2C). Additionally, cement maintenance and detachment profiles appeared only in
the tick-derived sialome. In the cementome, host-derived proteins were as in the sialome mostly
represented (88%) in feeding and oogenesis and secondary cement production (Figure 2D). However,
tick-derived cementome profile was different from the sialome with higher representation of secondary
cement production and cement maintenance (Figure 2D).

These results also provided insight into the origin of host and tick derived proteins identified in
the sialome and cementome (Figure 3A). Of the 62 proteins found in both sialome and cementome,
13 and 49 were tick and host derived proteins, respectively. In the sialome, 61 host proteins were
present of which 49 were secreted into the cement. An additional 250 host-derived proteins were
identified in the cement, most of which were likely contaminants from host cells attached to the tick
cement cone. Of the 1936 tick proteins identified in the sialome, only 13 appeared as secreted into
the cement. However, an additional 68 tick-derived proteins present in the cementome were not
identified in the sialome, probably due to the low representation of these proteins in the sialome when
compared to the cementome.

Based on their representation profile (Figure 1), proteins present in the sialome and cementome
were assigned to secondary cement production, maintenance and/or decomposition for tick detachment,
but may also be implicated in tick feeding, molting and/or oogenesis. Proteins in the sialome but not in
the cementome may function in different processes such as feeding and oogenesis, and in metabolic
pathways involved in the synthesis of metabolite cement components. Proteins in the cementome and/or
sialome with similar representation throughout tick feeding and therefore without significant differences
in their representation at different time points (Data S1-54) may be involved in housekeeping functions
as well as in other processes. Despite significant differences in protein representation and profiles,
some of the tick proteins identified in the cementome may constitute secreted proteins not incorporated
into the cement.
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Figure 3. Composition of the tick cementome. (A) Of the 62 proteins found in both sialome and cementome,
13 and 49 were tick and host derived proteins, respectively. An additional 68 tick derived proteins present in
the cement were not identified in the sialome, resulting in a total of 81 tick-derived proteins in the cementome
composition. Other host derived proteins in the cementome were likely contaminants from host cells attached
to the tick cement cone. (B) Biological processes annotated in tick-derived cementome proteins. Processes
containing proteins selected for further analysis are shown with arrows. (C) Network analysis of tick-derived
cementome proteins. Using co-occurring proteins at different feeding stages, a network was built using
correlation values from SparCC. Network centrality was then used to identify the most central proteins in
the dataset putatively playing a key role in cement biological processes affecting tick-host interactions.

3.3. Tick-Derived Cementome Proteins Appear to be Involved in Cement Formation, Solidification, Maintenance,
Feeding, and Interference with Host Immune Response and Detachment

Tick-derived cementome proteins were selected for consideration in further analyses based on
one of the following criteria (Table S1): (a) identified in both sialome and cementome; (b) being among
the two proteins with highest representation in feeding, feeding and oogenesis, molting, secondary
cement production, cement maintenance or detachment profile categories; and (c) predicted to play a key
role in cementome biological processes affecting tick-host interactions due to over 4% representation in
biological processes (Figure 3B) or after network analysis (Figure 3C). Network analysis of tick-derived
cementome proteins was conducted using interactions and clusters of co-occurring proteins at different
feeding stages and correlation values from SparCC. Network centrality index was then used to identify
in the dataset the proteins with highest values of centrality and consequently putatively playing a key
role in cement biological processes affecting tick-host interactions Figure 3C).

Tick proteins fulfilling these criteria were found in most of the processes previously proposed to
be present in the cementome [29] (Figure 4A). Most proteins appeared putatively involved in cement
formation, solidification, and maintenance (45%), and tick feeding (26%) (Figure 4B). Other identified
proteins had putative functions in detachment and interference with host immune response (Figure 4B).
However, acidic chitinase proteins proposed to function in sealing of the feeding lesion [48] or proteins
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with antimicrobial activity were not identified while 18% of the proteins had an unknown function
with possible implication in cement formation, solidification and maintenance, and tick feeding
and oogenesis (Figure 4B). The protein representation profiles of selected tick cementome proteins
were mainly assigned to secondary cement production, maintenance, and detachment (Table S1).
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Figure 4. Tick-derived cementome proteins. (A) Selected tick-derived cementome proteins (Table S1)
were found in most of the processes previously proposed to be present in the tick cementome. Proteins
selected for further analyses are highlighted in red. (B) Protein representation (process, number of
proteins, percentage) in the different processes previously proposed to be present in the tick cementome.

3.4. Host-Derived Cementome Proteins Co-Exist with Tick-Derived Proteins and May Contribute to Cement
Structure and Function

As with tick-derived proteins, the analysis was focused on bovine host-derived proteins identified
in the cementome. In particular and to reduce the possible contamination with host-derived proteins,
the analysis was focused on the 49 host proteins identified in the sialome and secreted into the cementome
(Figure 3A, Table S2). Of these 49 proteins, 10 corresponded to keratins of which two were represented
in the cementome with more than 1 million TAS at all time points (Table S2). Based on the processes
previously proposed to be present in the cementome [29], most host-derived proteins appeared
as putatively involved in cement formation, solidification and maintenance (35%), and tick feeding
(25%) (Figure 5A,B). Other identified proteins had putative functions in detachment and interference
with host immune response (Figure 5B). These results were similar to those found with tick-derived
proteins (Figure 4B). However, proteins putatively involved in sealing of the feeding lesion and with
antimicrobial activity that were not found in tick-derived proteins (Figure 4B) were present among
host-derived proteins (Figure 5B). Additionally, 12% of the host-derived proteins were identified
with possible implication in cement formation, solidification and maintenance, and tick feeding
and oogenesis (Figure 5B).
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These results suggested that in the cementome, host-derived proteins might be involved in
the cement structure and function, possibly complementing and synergizing with tick-derived proteins.
The cement protein representation profiles of selected host-derived cementome proteins were mainly
assigned to feeding and oogenesis, secondary cement production, maintenance, and detachment
(Table S2).
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Figure 5. Host-derived cementome proteins. (A) Host proteins identified in both sialome and cementome
(Table S2) were found in all of the processes previously proposed to be present in the tick cementome.
Proteins selected for further analyses are highlighted in red. (B) Protein representation (process, number of
proteins, and percentage) in the different processes previously proposed to be present in the tick cementome.

3.5. Biological Processes Represented in the Tick and Host Cementome Support Proposed Complementation
and Synergy in Cement Formation and Function between Tick and Host Derived Proteins

To further characterize the differences between tick and host sialome and cementome, a summary
of the biological processes (P) affected by these proteins was included within the experimental
approach used here for the different developmentally relevant processes (Figure 6 and Data S4).
The results showed differences in the P affected by tick and host derived proteins, further supporting
the possibility of complementation and synergy between these proteins in cement formation
and function. In the cementome, the most represented biological processes (P) (>30%) were
translation, cytoskeleton organization, proteolysis, immune response, catalytic activity, carbohydrate
metabolism, protein processing and transport, and blood circulation and coagulation (Figure 6).
As it has been proposed for cement properties and function [22,29], the cementome P support
the presence of antimicrobial properties, feeding and metabolism, and protection from host immune
and inflammatory responses.
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Figure 6. Classification according to biological processes (P) of the host and tick derived
proteins identified in the sialome (HOST-SG and TICK-SG) and cementome (HOST-CEMENT
and TICK-CEMENT) and putatively assigned to the different categories of developmental processes
including secondary cement production I and II, cement maintenance, feeding, feeding and oogenesis,
molting, and detachment. All P were considered, but only the ten most abundant (percentage of
representation within the total P per sample) are displayed in the figure. The GO P categories were
grouped in different P and less abundant categories were grouped as Other (Data S4). A high resolution
image was include in Data S4.

3.6. Physical and Chemical Properties of Tick Salivary Glands and Cement Show Tissue-Specific Differences
and Vary during Tick Feeding

The R. microplus cement physical and chemical properties were analyzed (Figures 7 and 8, Table 53,
Data S5 and S6). The analysis of amino acid composition of tick cementome showed that Gly was
the amino acid with highest representation in the tick-derived proteins and lowest representation
in the host-derived proteins (Figure 7A,B). This finding correlated with previous reports [16,29,30]
and the high representation of Glycine-rich superfamily member proteins (three proteins with more than
three million TAS) found here in the tick cementome, which are putatively involved in cement formation,
solidification, and maintenance (Figure 4A,B, Table S1, Data S4). Additionally, Tyr representation was
augmented in both host and tick derived proteins in the cementome when compared to non-cementome
host and tick derived proteins, respectively (Figure 7B). Other amino acids such as Phe and Trp were
represented at higher levels in host-derived cementome than in non-cementome proteins (Figure 7B).

The amino acid profile of dragline silk in Argiope trifasciata has a high Gly content (approximately
40%), which correlates with the Gly content (36.5%—43.9%) of the two major components of the spider
dragline silk, MaSp1 and MaSp2 proteins [50]. A family of low-molecular weight Cysteine-rich proteins
have been also characterized as involved in dragline silk formation [51]. However, Cys was an amino
acid with a relative low representation (1.8%—2.0%) in tick cement (Table S3).

The analysis of peptides used to identify host and tick derived proteins (Data S7) evidenced some
distinctive characteristics of the cementome tick-derived proteins (Table S3). These characteristics
included a higher pI suggesting a more basic protein composition, lower aliphatic index associated
with lower thermostability of globular proteins [52], and a lower GRAVY index suggesting the presence
of less hydrophilic proteins [53].
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Figure 7. Amino acid composition of tick cementome. (A) Amino acid composition of all host proteins
identified in the cementome but not in the sialome (HOST), 100 randomly selected tick proteins
identified in the sialome but not in the cementome (TICK), all host proteins identified in the sialome
and cementome (HOST CEMENT), and all tick proteins identified in the cementome (TICK CEMENT)
(Data S6) were analyzed using the ProtParam tool. (B) Amino acids with highest changes (0.5 > ratio
of percent amino acid > 1.5) in the cementome composition when compared to non-cementome
host-derived (host cement/host) or tick-derived (tick cement/tick) proteins.

The SEM combined with EDS was used for the analysis of chemical elements in R. microplus
salivary glands and cement cones (Figure 8A,B, Data S5 and S6). The results showed the presence
with high relative abundance (>10 atomic %) of C, O, and N in all samples and feeding stages (T1-T3)
(Figure 8A). Other elements such as S, P, Cl, Na, and K were present with low relative abundance
(<1 atomic %) in most samples and feeding stages (Figure 8A). These results were similar to those
recently reported in tick exoskeleton using a similar experimental approach [45]. The analysis of
the composition of chemical elements in the cement and salivary glands of R. microplus at different time
points showed significant variations in both samples but with differences in the chemical elements
and profiles (Figure 8B). While C and O relative abundance did not change in the salivary glands,
it increased and decreased, respectively in the cement. For N and S, relative abundance increased
at T2 or T3 in the salivary glands but decreased in the cement. However, CI relative abundance
increased at T3 in both salivary glands and cement. Other elements such as Na, K, and P showed
significant variations in the salivary glands only. Elements Br and Zn were only rarely found in some
samples and were not included in the analysis (Data S6). As expected considering that proteins are
the major source of certain chemical elements in both tick salivary glands and cement, a positive
correlation (rs = 1, p = 0) was obtained between the relative abundance of C, N, O, and S in the salivary
glands and cement and the atomic composition of sialome tick-derived proteins and cementome tick
and host derived proteins, respectively (Table S3). Furthermore, the profile of the highly represented
Gly (CoH5NO;y)-rich superfamily member proteins in the cementome that have been implicated in



Biomolecules 2020, 10, 555 16 of 24

tick response to oxidative stress [20] showed a decrease in protein representation during tick feeding
(e.g., AOA224YEQ4; Data S4), which correlated with changes in the composition of O and N chemical
elements (Figure 8B). Glycine-rich proteins are highly represented in the sialome of different tick species
and were also shown to decrease in abundance during feeding of adult female A. americanum [54].
Changes in the composition of cement chemical elements during tick feeding may be also related to
physiological mechanisms such as the increase in the intensity of respiratory patterns in R. sanguineus
ticks during feeding [55]. Differences in the diversity and representation of chemical elements in
R. microplus uninfected fed female ticks between previously reported results in the exoskeleton (C, O,
and N elements with >5 atomic % and n = 10 elements with >0.2 atomic % in at least two samples) [45]
and the results reported here in the cement cone (C, O, N, and S elements with >5 atomic % and n =7
elements with >0.2 atomic % in at least two samples; Data 56) using the same methodological approach
(SEM-EDS) suggested that these two complex substances are formed by different proteins and/or
other components.
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Figure 8. Composition of chemical elements in tick salivary glands and cement. Chemical elements
were characterized by SEM combined with EDS analysis in samples from tick salivary glands (SG)
and cement. (A) Representation (%) of the chemical elements at different feeding stages (T1-T3).
(B) Changes in the representation (%) of the chemical elements at different feeding stages (T1-T3).
The composition of chemical elements was compared at different time points by One-way ANOVA
test (https://www.socscistatistics.com/tests/anova/default2.aspx; p < 0.05, n = 2—4 biological replicates).
(C) Characterization of x-Gal content in tick SG and cement protein extracts and in comparison with
human promyelocytic leukemia HL60 cells (ATCC CCL-240) and pork (Sus scrofa) kidney as negative
and positive controls, respectively. A calibration curve with 0.0-1.0 ng -Gal and O.D. values at 450 nm
was constructed using Microsoft Excel for Mac (v. 16.26) to convert ELISA reader values to a-Gal
content per sample (R? = 0.913). The results (average + S.D. of a-Gal/1 pg protein) were compared
between pork kidney positive control, salivary gland or cement samples and HL60 cells negative
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control (black * p < 0.05, n = 3 biological replicates) and between salivary gland and cement samples
at different time points (T1-T3) (red * p < 0.05, n = 3 biological replicates) by Student’s t-test with unequal
variance. Variations in x-Gal levels at different time points (T1-T3) in both sialome and cementome
were compared by one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx)
(f and p values are shown, n = 3 biological replicates).

Previous analyses of chemical composition identified the presence of N in canine fascia lata
and hair fiber [56,57], thus suggesting that this tick cement element may have a host origin [58].
Trace elements such as Se, Cu, Mn, Zn, and Co present in mammalian cover hair [59] were not
identified in the tick cement, thus suggesting a low contribution of the host to tick cement chemical
composition. In addition to tick and host derived proteins, chemical composition may be affected by
cofactors such as nicotinamide adenine dinucleotide phosphate (NADPH; Cy1HpsN7O17P3). Reduced
NAPDH is an essential electron donor that provides the reducing power regulating multiple anabolic
reactions, including those responsible for the biosynthesis of all major cell components in all organisms
including ticks [60-62]. Increased levels of NADPH in ticks have been associated with response to
Anaplasma phagocytophilum pathogen infection and tolerance to oxidative stress [61,62]. The source of
other chemical elements such as Na, K, Cl, and P, which may contribute to cement biomineralization
and coating [29,63] probably come from environmental sources (e.g., water, air, and soil).

3.7. The Glycan a-Gal Content is Higher in the Cementome than in the Sialome throughout Tick Feeding

Glycans are constituents of matrix proteins, which are important for maintenance of tissue
structure, porosity, integrity, and matrix organization through binding to other glycoproteins [64].
We focused the study on the glycan a-Gal (C1,HgOq1; Figure S1) that is present in glycoproteins
and glycolipids from tick saliva that mediate the alpha-Gal syndrome (AGS) characterized by delayed
anaphylaxis to red meat consumption, and immediate anaphylaxis to tick bites, xenotransplantation,
and certain drugs such as cetuximab [65-76]. Several tick species including Rhipicephalus spp. have
been associated with the AGS and the production of tick proteins with «-Gal modifications has
been demonstrated in various tick species including R. microplus [70,75]. The results showed that
the «-Gal content in R. microplus tick sialome and cementome was higher than in proteins from
a-Gal-negative human HL60 cells (black asterisks in Figure 8C). The comparison between samples
showed higher x-Gal content in the cementome than in the sialome at all time points (red asterisks
in Figure 8C). Furthermore, the x-Gal content at different tick feeding stages (T1-T3) decreased with
tick feeding in the sialome but did not change in the cementome (Figure 8C). The results suggested
that although host-derived proteins or lipids may contribute to x-Gal content in both salivary glands
and cement, the fact that x-Gal levels decreased with tick feeding in the sialome but remained higher
in the cementome support that at least some of these components are not storage but synthesized
and secreted from the salivary glands. These results suggested a possible role for x-Gal-containing
compounds in cement composition.

3.8. Western Blot Analysis of Selected Tick and Cattle Host Derived Cementome Proteins Support
Proteomics Results

Herein, we used a validated label-free relative quantitation by sequential window acquisition of
all theoretical mass spectra (SWATH) approach for proteomics analysis [77]. Nevertheless, selected
tick and host derived proteins were used for providing additional support to proteomics data using
Western blot or dot blot analyses in both cementome and sialome (Figures S5-58). Tick-derived
cementome proteins fulfilling three to four of the selection criteria were selected for analysis (Histones,
Glycine-rich superfamily member proteins, and aminopeptidase N; Table S1). These proteins were
putatively involved in cement formation, solidification and maintenance, tick feeding, and detachment
(Figure 4A), and showed representation profiles assigned to molting, secondary cement production,
cement maintenance, feeding, and detachment (Figures S5 and S6). These proteins were also annotated
into the biological processes of protein heterodimerization, putative cell wall structural and/or
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cuticle protein, and proteolysis (Figure 3B). Host-derived alpha-2-HS-glycoprotein, desmoplakin
and pan-keratins identified in the sialome and cementome were selected for analysis because were
putatively involved in cement formation, solidification, and maintenance (Figure 5B and Table S2).
These proteins showed representation profiles assigned to secondary cement production, detachment,
and feeding and oogenesis (Figures S7 and S8).

The quantitative results of Western blot or dot blot analyses of both sialome and cementome
at different feeding times showed protein profiles similar to those described by proteomics analysis
(Figures S5-S8). Despite the limitations posed by protein families such as Histones, Glycine-rich
superfamily member proteins, and pan-keratins with multiple profiles, the results provided additional
support for proteomics dataset and the possibility of using these antibodies for additional studies.

4. Conclusions

Our experimental approach using proteomics allowed the high throughput identification of tick
and host derived proteins in both sialome (2264 proteins) and cementome (654 proteins) of R. microplus
female ticks collected at different feeding stages. Innovative experimental approaches may provide
new insights to complex biological questions [78]. Based on a novel methodology for proteomics data
analysis using the protein representation profiles after significant differences in pairwise comparisons
between time points, proteins were putatively assigned to different categories of developmental
processes. This methodology provides a functional relevant alternative to other methodologies such
as the analyses using QuiXoT [32] or normalized spectral abundance factors (NSAF) and z-score
statistics [54]. Additionally, the first analysis of the chemical elements using SEM combined with EDS
allowed the characterization of changes in their composition in tick salivary glands and cement during
tick feeding, which correlated with changes in protein profiles. The glycan x-Gal content in the tick
sialome and cementome also showed differences between samples and time points and suggested
a possible role for x-Gal-containing compounds in cement composition. These results advanced our
knowledge of the tick cement composition. The dynamics of cement composition throughout adult tick
feeding stages suggested that tick and host derived compounds modulate the biochemical properties of
the cement complex substance. Future experiments should focus on providing experimental evidence
for the role of the different compounds in modulating tick cement biochemical properties and function.

Both cattle host and tick derived proteins were identified in the R. microplus sialome and cementome.
Some of the tick-derived proteins identified in this study in the R. microplus cementome have been
previously reported and characterized in the tick sialome/sialotranscriptome (e.g., Table S5). Similarly,
host-derived proteins such asimmunoglobulins and apolipoprotein A-Iidentified here in the cementome
have been previously described in the sialome [6,12,54,79-85] and in unfed ticks [86,87]. However,
the cementome protein content described here supports a highly complex composition of both
tick and host derived proteins involved in multiple biological processes such as cement formation,
solidification and maintenance, feeding, interference with host immune response, and detachment
playing a key role in tick biology. Additionally, pending functional studies, we propose that host-derived
cementome proteins may complement and synergize with tick-derived proteins in cement structure
and function.

Based on these results, our hypothesis is that ticks evolved to combine tick and host derived proteins
and other biomolecules such as x-Gal to synergize in cement formation, solidification and maintenance
to facilitate attachment, feeding, interference with host immune response, and detachment (Figure 9).
In addition to the role of cementome proteins in the inhibition/interference with host immune response,
the recycling of host-derived proteins in cement formation reduces host immune response as these
proteins are recognized as self-antigens (Figure 8). In this way, the combination of tick and host
derived proteins in the cementome resulted in an evolutionary adaptation to long-lasting ectoparasitic
blood feeding.

Future studies using these data could be focused on the characterization of salivary gland proteins
in early feeding stages of R. microplus. Finally, based on currently available information and the results
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obtained in this study, we predict that the characterization of the tick cementome will contribute to
developing vaccines targeting tick adhesion and feeding for the control of tick infestations and pathogen
transmission (Table S6) [14,20,88-90] and new applications in medicine and industry as a biological
glue [21,29,91].
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Figure 9. The combination of tick and host derived proteins in the cementome resulted in an evolutionary
adaptation to long-lasting ectoparasitic blood feeding. Our hypothesis is that ticks evolved to combine
tick and host derived proteins and other biomolecules such as x-Gal to synergize in cement formation,
solidification, and maintenance to facilitate attachment, feeding, interference with host immune
response, and detachment. Changes in the composition of proteins/biomolecules affect cement chemical
composition. In addition to the role of cementome proteins in the inhibition/interference with host
immune response, the recycling of host-derived proteins in cement formation reduces host immune
response as these proteins are recognized as self-antigens. Representative images of SEM—EDS analysis
are shown, and all results are displayed in Data S5.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/4/555/s1,
Supporting Information [Table S1: R. microplus tick-derived proteins identified in the cementome. Table S2:
Cattle host-derived proteins identified in R. microplus tick cementome. Table S3: Comparative analysis of amino acid
composition of cattle hostand tick R. microplus derived proteins identified in the cementome. Table S4: Recombinant
tick proteins used for validation by Western blot analysis. Table S5: Examples of tick-derived proteins identified
in this study in the cementome and previously characterized and reported in the sialome/sialotranscriptome.
Table S6: Published results about the potential role of selected tick cementome proteins for novel vaccine
development. Figure S1: Chemical structure and atomic composition of Galx1-3Galp1-(3)4GlcNAc-R (o-Gal).
Figure S2: ELISA test for characterizing «-Gal levels. Figure S3: Validation of commercial antibodies against
host proteins by immunofluorescence assay. Figure S4: Western blot analysis of recombinant tick proteins.
Figure S5: Western blot analysis of tick-derived aminopeptidase N protein in the R. microplus cementome (Cement)
and sialome (SG). Figure S6: Dot blot analysis of tick-derived histones and Glycine-rich superfamily member
proteins in the R. microplus cementome (Cement) and sialome (SG). Figure S7: Dot blot analysis of host-derived
desmoplakin and alpha-2-HS-glycoprotein in the R. microplus cementome (Cement) and sialome (SG). Figure S8:
Dot blot analysis of host-derived pan-keratins in the R. microplus cementome (Cement) and sialome (SG)]. Data S1:
Proteomics analysis of R. microplus tick sialome. Data S2: Proteomics analysis of R. microplus tick cementome with
urea-extracted proteins. Data S3: Proteomics analysis of R. microplus tick cementome with SDS-extracted proteins.
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Data S4: Protein profile of tick sialome and cementome throughout tick R. microplus parasitic stages. Data S5:
Composition of chemical elements in R. microplus tick cement and salivary glands. Data S6: Statistical analysis of
chemical element composition in R. microplus tick cement and salivary glands. Data S7: Peptide sequences for tick
R. microplus and cattle host derived proteins identified in the sialome and cementome. Host-derived proteins in
the cementome were included only if identified in both sialome and cementome.
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Figure S1. Chemical structure and atomic composition of Gala1-3GalB1-(3)4GIcNAc-
R (a-Gal; C12HsO11).
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Figure S2. ELISA test for characterizing o-Gal levels. The a-Gal levels were
determined by ELISA using BSA-o-Gal and R. microplus sialome and cementome
proteins. The average value of the blanks (wells without sample proteins; N = 5) was
subtracted from all reads and the average of 9 replicates for each sample was used for
analysis. A calibration curve with 0.0 to 1.0 ng a-Gal and O.D. values at 450 nm was
constructed using Microsoft Excel for Mac (v. 16.26) to convert ELISA reader values to
a-Gal content per sample.
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Figure S3. Validation of commercial antibodies against host proteins by
immunofluorescence assay. Female Ixodes scapularis ticks fed on uninfected sheep and
fixed with 4% paraformaldehyde in 0.2 M sodium cacodylate buffer were embedded in
paraffin and used to prepare sections on glass slides as previously described (Ayllon et
al., PLoS Genetics 2015;11: 1005120 and de la Fuente et al., Computational and
Structural Biotechnology Journal 2020;18: 253-257). The paraffin was removed from
the sections with xylene and then hydrated by successive 2 min washes with a graded
series of 100, 95, 80, 75, and 50% ethanol. The slides were treated with Proteinase K
(Dako, Barcelona, Spain) for 7 min, washed with PBS and incubated with 3% BSA
(Sigma-Aldrich) in PBS for 1 h at RT. Then the slides were incubated with antibodies
against desmoplakin (ab106342) and pan-keratin (ab190625) (Abcam, Cambridge, UK)
diluted 1:100 in 3% BSA/PBS for 14 h at 4 °C. After additional washes in PBS, the
sections were incubated with FITC conjugated goat anti-rabbit IgG secondary
antibodies (Sigma-Aldrich), diluted 1:80 in 3% BSA/PBS, for 1 h at RT. Finally, the
slides were mounted using Prolong Gold antifade reagent with DAPI reagent
(Molecular Probes, Eugene, OR, USA). The slides were examined using a Zeiss LSM
800 laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany) with a 10x
objective.
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Figure S4. Western blot analysis of recombinant tick proteins. The recombinant histone
H4-MSP1la, aminopeptidase N, and Glycine-rich superfamily member proteins were
produced in E. coli. Samples were taken after purification. Ten pg proteins were loaded
per well in an SDS-12% polyacrylamide gel. The gel was stained with Coomassie
Brilliant Blue. The position of the recombinant proteins is indicated with arrows. For
Western blot analysis, recombinant proteins were separated by electrophoresis and
transferred to a nitrocellulose membrane. The membrane was incubated with pooled
sera collected from histone H4, aminopeptidase N vaccinated rabbits and commercial
rabbit anti-Glycine-rich superfamily member protein antibodies (Abcam). The position
of the recombinant proteins in the Western blot is indicated with arrows. Abbreviation:
MW, molecular weight markers (Spectra multicolor broad range protein ladder; Thermo
Fisher Scientific).
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Figure SS5. Western blot analysis of tick-derived aminopeptidase N protein in the R.
microplus cementome (Cement) and sialome (SG). (A) Based on proteomics
representation profiles, proteins were putatively assigned to different categories of
developmental processes (Figure 1). (B) Cement protein lysate (10 pg) and salivary
gland protein lysate (20 pg) were methanol/chloroform precipitated, resuspended in
Laemmli sample buffer and separated on an SDS-polyacrylamide precast gel
(ClearPage Expedeon, VWR, Radnor, PA, USA). After electrophoresis, proteins were
transferred to a nitrocellulose blotting membrane (GE Healthcare Dharmacon Inc.,
Lafayette, CO, USA), blocked with 3% BSA (Sigma-Aldrich) in TBS and incubated
overnight at 4 °C with antibodies against tick recombinant aminopeptidase N, diluted
1:200 in 3% BSA/TBS. To detect the IgG antibodies bound to tick proteins, membranes
were incubated with goat anti-rabbit IgG peroxidase antibody (Sigma-Aldrich) diluted
1:1000 in 3% BSA/TBS. Immunoreactive proteins were visualized with
chemiluminescence with Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific). Quantitative analysis was performed using the Fiji Imagel
(https://imagej.nih.gov/ij/download.html) to measure the intensity of the protein bands
and after substation of the intensity of the PBS control to compare the results at
different time points. The results of the Western blot reproduced those obtained with
proteomics analysis.
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Figure S6. Dot blot analysis of tick-derived histones and Glycine-rich superfamily
member proteins in the R. microplus cementome (Cement) and sialome (SG). Cement
and salivary gland proteins were applied onto each strip in 6 different dots (volume per
dot, 25 ul at 5 pg/pl. Then the dots were allowed to dry by gravity flow, immersed in 50
ul of 3% BSA/TBS for 15 min approximately and filtered by gravity. Membranes were
washed two times with TBS and incubated with primary antibodies diluted at different
concentrations in 1% BSA/TBS against Histone H4 (1:100) and Glycine-rich
superfamily member proteins (1:200) To detect the IgG antibodies bound to tick
proteins, membranes were incubated with goat anti-rabbit IgG peroxidase antibody
(Sigma-Aldrich) diluted 1:1000 in 1% BSA/TBS. Membranes were washed two times
with TBS and immunoreactive proteins were visualized with chemiluminescence with
Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific). Quantitative
analysis was performed using the Fiji Image] (https://imagej.nih.gov/ij/download.html)
to measure the intensity of the protein bands and after substation of the intensity of the
PBS control to compare the results at different time points. Based on proteomics
representation profiles, proteins were putatively assigned to different categories of
developmental processes (Figure 1). Because these proteins constitute a protein family
they were assigned to multiple developmental processes. Accordingly, the results of the
dot blot reproduced some of the profiles obtained with proteomics analysis.
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Figure S7. Dot blot analysis of host-derived desmoplakin and alpha-2-HS-glycoprotein
in the R. microplus cementome (Cement) and sialome (SG). Cement and salivary gland
proteins were applied onto each strip in 6 different dots (volume per dot, 25 ul at 5
pg/ul. Then the dots were allowed to dry by gravity flow, immersed in 50 pl of 3%
BSA/TBS for 15 min approximately and filtered by gravity. Membranes were washed
two times with TBS and incubated with primary antibodies diluted at different
concentrations in 1% BSA/TBS against desmoplakin (1:300) and alpha-2-HS-
glycoprotein (1:300). To detect the IgG antibodies bound to tick proteins, membranes
were incubated with goat anti-rabbit IgG peroxidase antibody (Sigma-Aldrich) diluted
1:1000 in 1% BSA/TBS. Membranes were washed two times with TBS and
immunoreactive proteins were visualized with chemiluminescence with Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific). Quantitative analysis was
performed using the Fiji Image] (https://imagej.nih.gov/ij/download.html) to measure
the intensity of the protein bands and after substation of the intensity of the PBS control
to compare the results at different time points. Based on proteomics representation
profiles, proteins were putatively assigned to different categories of developmental
processes (Figure 1). Because these proteins constitute a protein family they were
assigned to multiple developmental processes. The results of the dot blot reproduced
those obtained with proteomics analysis.
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Figure S8. Dot blot analysis of host-derived pan-keratins in the R. microplus
cementome (Cement) and sialome (SG). Cement and salivary gland proteins were
applied onto each strip in 6 different dots (volume per dot, 25 pl at 5 pg/pl. Then the
dots were allowed to dry by gravity flow, immersed in 50 pl of 3% BSA/TBS for
15 min approximately and filtered by gravity. Membranes were washed two times with
TBS and incubated with primary antibodies diluted 1:300 in 1% BSA/TBS against pan-
keratins. To detect the IgG antibodies bound to tick proteins, membranes were
incubated with goat anti-rabbit IgG peroxidase antibody (Sigma-Aldrich) diluted 1:1000
in 1% BSA/TBS. Membranes were washed two times with TBS and immunoreactive
proteins were visualized with chemiluminescence with Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific). Quantitative analysis was performed using the Fiji
ImageJ (https://imagej.nih.gov/ij/download.html) to measure the intensity of the protein
bands and after substation of the intensity of the PBS control to compare the results at
different time points. Based on proteomics representation profiles, proteins were
putatively assigned to different categories of developmental processes (Figure 1).
Because these proteins constitute a protein family they were assigned to multiple
developmental processes. Accordingly, the results of the dot blot reproduced some of
the profiles obtained with proteomics analysis.
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ABSTRACT

Introduction: The a-Gal syndrome (AGS) is a type of allergy characterized by an IgE antibody response
against the carbohydrate Galal-3GalB1-4GIcNAc-R (a-Gal). Tick bites are recognized as the most
important cause of anti-a-Gal IgE antibody increase in humans. Several risk factors have been associated
with the development of AGS, but their integration into a standardized disease diagnosis has proven
challenging.

Areas covered: Herein we discuss the current AGS diagnosis based on anti-a-Gal IgE titers and propose
an algorithm that considers all co-factors in the clinical history of a-Gal-sensitized patients to be
incorporated into the AGS diagnosis. The need for identification of host-derived gene markers and tick-
derived proteins for the diagnosis of the AGS is also discussed.

Expert opinion: The current AGS diagnosis based on anti-a-Gal IgE titers has limitations because not all
patients sensitized to a-Gal and with anti-a-Gal IgE antibodies higher than the cutoff (0.35 1U/ml)
develop anaphylaxis to mammalian meat and AGS. The basophil activation test proposed to differ-
entiate between patients with AGS and asymptomatic a-Gal sensitization cannot be easily implemented
as a generalized clinical test. In coming years, the algorithm proposed here could be used in a mobile
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application for easier AGS diagnosis in the clinical practice.

1. Introduction

Recent investigations have focused on the a-Gal Syndrome
(AGS), a disease that is associated with tick bites with
a growing incidence worldwide [1-6]. Tick saliva contains
glycoproteins with Gala1-3GalP1-(3)4GIcNAc-R (a-Gal) mod-
ifications that can induce in some individuals the produc-
tion of high levels of anti-a-Gal IgE antibodies that mediate
delayed anaphylaxis to mammalian meat consumption and
immediate anaphylaxis to tick bites, xenotransplantation
and certain drugs such as cetuximab [1,3-13].

Humans and crown catarrhines evolved with the inability
to synthesize the a-Gal [10]. In turn, they produce high
quantities of anti-a-Gal IgM/IgG, which can be protective
against pathogens with this modification on their surface
[14,15]. However, the capacity to produce anti-a-Gal anti-
bodies increases the risk to develop anti-a-Gal IgE-mediated
allergies associated with the AGS [4,10]. Natural anti-a-Gal
antibodies, primarily of the IgM/IgG subtypes, occur in
humans in response to bacteria of the microbiota contain-
ing this modification [14].

Currently, the main method of AGS diagnosis is the measure-
ment of anti-a-Gal IgE antibody levels [6]. However, this test has
some limitations and should be considered as a tool to comple-
ment other approaches for the effective diagnosis of the AGS.

2. Classical diagnosis of the AGS based on anti-a-Gal
IgE titers

The measurement of the anti-a-Gal IgE antibody levels is the
approach used for classical diagnosis of the AGS in patients with
a clinical history of typical allergies associated with the disease
[4,7,16,17]. This analysis is performed using ImmunoCAP, a solid-
phase antibody detection test with different a-Gal-containing
glycoproteins, mainly bovine thyroglobulin and cetuximab
[6,7,16,17]. However, not all subjects who are sensitized to a-
Gal and thus showing positive anti-a-Gal IgE antibody levels
(cutoff 0.35 IU/ml) report allergic reactions to the consumption
of mammalian meat or innards (Table 1), one of the main man-
ifestations of the AGS. One study in South Africa showed that
both anti-a-Gal IgE levels and anti-a-Gal IgE to total IgE ratio
strongly correlated with the occurrence of mammalian meat
allergy [18], while other studies conducted in different countries
(Germany, Spain, Australia, Sweden, U.S.A., Denmark), reported
a 39.1-1.8% prevalence of anti-a-Gal IgE (cutoff 0.35 IU/ml), but
in most cases without allergy to mammalian meat consumption
(Table 1). These facts support that the classical diagnosis of the
AGS based on anti-a-Gal IgE titers is necessary but not sufficient.

Skin prick test with commercial whole-meat extracts has also
been used for the diagnosis of AGS, but this test was found to be
unreliable as it generally yields poor or false negative results and
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Article highlights

The Alpha-Gal Syndrome (AGS) is a disease associated with tick bites
and anti-a-Gal IgE-mediated allergic reactions to mammalian meat
consumption.

The classical diagnosis of the AGS based on anti-a-Gal IgE titers is
necessary but not sufficient.

Several co-factors may affect the outcome of disease symptoms and
the clinical history of the AGS is important for effective diagnosis of
the syndrome.

Exposure to these co-factors may enhance absorption of the a-Gal-
containing antigens, decrease the threshold of response, and/or
contribute to the severity of the allergic reactions to a-Gal.

The quantitation of tick sialome immunoreactive proteins and
immune response markers serum and/or mRNA levels may be devel-
oped as a complementary approach for the diagnosis of the AGS.

Future studies should be focused on the molecular mechanisms
triggering the AGS, the biological processes involved in a-Gal
processing after mammalian meat consumption, co-factors that
may affect disease symptoms, and the identification of host and
tick-derived targets for the development of new diagnostic tools.

consequently leads to incorrect guidance for patients [7,25]. The
prick-to-prick test usually yields false-negative or just weak skin
reactions [4,26]. The basophil activation test (BAT) is very accu-
rate and differentiate between patients with AGS and asympto-
matic a-Gal sensitization. However, BAT is currently employed
only in an experimental setting [25,27]. In-patient oral food
challenge using, for example, cooked pork or porcine kidney is
the gold standard in food allergy diagnosis [28]. However, using
this method in diagnosis of the AGS is not recommended
because of the delayed nature of the reaction and also because
it may cause a severe and potentially fatal anaphylactic reaction
[28]. These facts demonstrate the current challenges of AGS
diagnosis, and the pitfalls of the current methods used to diag-
nose this disease. As occurs with other allergies, co-factors
related to the clinical history may affect the results and thus are
important to consider for the diagnosis of the AGS [6].

3. Co-factors in the clinical history that play an
important role in diagnosis of the AGS

Patients with AGS report different symptoms of the a-Gal food
allergy (i.e. urticaria, pruritus, recurrent angioedema, systemic
anaphylaxis), which vary between mild or no reaction to ana-
phylaxis [25]. Several co-factors related to the clinical history of
the disease may affect the outcome of these symptoms. The
proposed co-factors include but are not limited to (a) age, (b)
repeat exposure to the same food, (c) exposure to meats of
different origin, (d) exposure to meat or innards with higher a-
Gal content, (e) exposure to tick bites, (f) alcohol consumption,
(9) exercise, (h) exposure to non-steroidal anti-inflammatory
medications, (i) atopic allergy, (j) ABO blood group, (k) expo-
sure to cats and other pets, (I) helminths infection, and (m)
systemic mastocytosis [4,26,29-37].

Among the co-factors associated to the AGS, several evi-
dence show that exposure to tick bites is an essential risk
factor for the development of this syndrome [6]: (i) tick bites
elicit an increase in the levels of IgE to a-Gal of 20-fold or

greater [2], (ii) most AGS patients have a history of tick bites
[26,34,38], (iii) AGS patients have antibodies reactive to tick
antigens [2], and (iv) a strong positive correlation between
anti-a-Gal IgE and anti-tick IgE levels was reported [2,3].
However, some patients that develop strong allergic reactions
to tick bites and have high levels of IgE to a-Gal are mamma-
lian meat tolerant [9]. This finding suggests that mammalian
meat allergy is a special type of allergy within a wide spectrum
of allergies related to tick bites. AGS has been associated with
several tick species including Amblyomma americanum (USA),
Amblyomma sculptum (Brazil), Amblyomma testudinarium, and
Haemaphysalis longicornis (Japan), Ixodes holocyclus (Australia)
and the principal vector of Lyme disease in Europe, Ixodes
ricinus [8,39]. Surprisingly, Ixodes scapularis, the main vector
of Lyme disease in the USA, which produces a-Gal [40,41] and
is closely related to I. ricinus, is almost certainly not a major
cause of AGS in the USA [6].

The occurrence of AGS has no obvious connection with age
and gender and the role of atopy in the development of syndrome
is still debated. There are studies that described an impact of age
and atopy on the development of AGS [38,42,43]. For example,
a recent study of a European cohort found that the majority of
AGS patients (n = 128) were middle aged and atopic, with equal
gender distribution [38]. Despite atopy increased the risk of ana-
phylaxis with pulmonary manifestations in the European cohort
[38], another study reported no association between anti-a-Gal IgE
antibodies and asthma [44]. The National Institute of Allergy and
Infectious Diseases Workshop on understanding the AGS con-
cluded that the AGS does not appear to be overrepresented
among subjects with atopic dermatitis [6].

A co-factor showing strong association with the AGS is the
ABO blood group. Several studies reported that individuals
with blood groups AB and B are significantly underrepre-
sented among AGS patients [38,45-48]. Brestoff et al. [45]
showed that the blood group B protects individuals from
developing AGS. The presence of blood type B reduces the
capacity of the immune system to produce anti-a-Gal antibo-
dies, due to tolerance to a-Gal, which is very similar in struc-
ture to the blood group B antigen [47]. In consequence, it was
proposed that the analysis of ABO blood groups should be
included in studies assessing the epidemiology of AGS [49].

The a-Gal epitope is present on pet dander and ownership of
pets, especially cats, was associated with the presence of anti-a-
Gal IgE antibodies in cat owners [42,44,50]. However, despite
a very strong positive correlation between IgE antibodies to cat
and to a-Gal [44,50], an airborne-triggered a-Gal sensitization
due to cat dander was ruled out as the cause and anti-a-Gal IgE
positivity was not linked to cat allergy analyzed by skin prick test
[42]. Pet-associated endoparasites have been also proposed to
potentially induce sensitization to a-Gal in humans [50].
Particularly, strong correlation was found between IgE antibodies
to a-Gal and Echinococcus spp., but no Ascaris spp., antigens
which suggested that the tapeworm could be responsible for a-
Gal sensitization in Africa [50]. However, recent research pro-
vided evidence on the potential role of the nematode Toxocara
canis infection in decreasing anti-a-Gal IgE levels and suppres-
sing the allergic response to a-Gal [34]. Systemic mastocytosis,
a form of clonal mast cell disorder in which mast cells accumulate



Table 1. Population diversity in the antibody response to a-Gal.
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Study population Findings Conclusions References
Southwest Germany: 300 hunters and forest  19.3% prevalence of anti-a-Gal IgE (cutoff 0.35 Not all individuals who are sensitized to a-Gal [19]
workers. 1U/ml), but only 5 individuals had allergic report allergic reactions to mammalian meat
symptoms to mammalian meat or innards. or tick bites.
Spain: 126 cases with urticaria or anaphylaxis 15.7% prevalence (26.3% in cases and 2.4% in The anti-a-Gal IgE response is associated with [20]
and 126 healthy controls. controls) of anti-a-Gal IgE (cutoff 0.35 1U/ml). tick bites and varies geographically.
Prevalence varied between Northern (46.3%),
central (0.7%) and Mediterranean (0%) regions.
Association with tick bites, outdoor activities,
pet ownership, consumption of mammalian
meat and alcohol.
Spain: 169 foresters and forest workers and ~ 15% and 4% prevalence of anti-a-Gal IgE (cutoff ~Anti-a-Gal IgE prevalence is associated with the [21]
100 individuals without record of tick bites. ~ 0.35 IU/ml) in foresters and controls, number of tick bites/year.
respectively. None of the individuals sensitized to
mammalian meat developed AGS.
Spain: 444 randomly selected adults. 8.1% (cutoff 0.1 IU/ml) and 2.2% (cutoff 0.35 IU/ a-Gal sIgE positivity was associated with [42]
ml) prevalence of anti-a-Gal IgE in randomly a history of tick bites, atopy, and cat
selected adults. ownership.
Australia: 118 individuals (26 with AGS). 84.6% and 39.1% prevalence of anti-a-Gal IgE Anti-a-Gal IgE is a good indicator of AGS and [22]
(cutoff 0.35 1U/ml) in patients with and without history of tick bite but is of limited diagnostic
AGS, respectively. Association with AGS and utility for AGS in tick-endemic populations.
tick bites.
Various patient populations. Risk factors for AGS include exposure to ticks of Age and gender differences likely reflect [23]
certain species. Common symptoms include exposure to ticks that vary according to
urticaria and isolated abdominal reactions. setting.
Sweden: 51 patients with AGS and 102 100% and 14.7% prevalence of anti-a-Gal IgE Patients with AGS show higher anti-a-Gal IgE [24]
healthy blood donors. (cutoff 0.35 1U/ml) in patients with and without and IgG levels when compared to healthy
AGS, respectively with higher levels in AGS controls. Blood group B donors have
patients. significantly reduced antibody responses to
a-Gal, due to similarities with the B-antigen.
Various patient populations. USA: 121 patients USA: 97%, 11%, 6% and <1% prevalence of anti- Tick bites are a cause of IgE specific for a-Gal. [2]
with AGS, 56 with Asthma, 49 with cancer a-Gal IgE (cutoff 0.35 IU/ml) in patients with
and 341 controls. Kenya: 254 individuals AGS, Asthma, cancer and controls, respectively.
exposed to tick bites. Kenya: 53% prevalence of anti-a-Gal IgE (cutoff
0.35 1U/ml)
South Africa: 131 individuals with symptoms  64.1% prevalence of anti-a-Gal IgE (cutoff 0.1 IU/ Strong correlation between anti-a-Gal IgE levels [18]
of adverse reaction to mammalian meat ml) in patients with adverse reaction to and AGS in a population with high
and 26 healthy controls. mammalian meat. prevalence of mammalian meat allergy.
USA: 118 subjects at cardiovascular risk. 26% correlation between prevalence of anti-a-Gal Association between coronary artery disease [28]
IgE and amounts of athero-sclerotic plaque. and anti-a-Gal IgE.
Japan: 115 patients with tick bites and 21 0%, 4.4%, 34.6%, 66.7% and 65% prevalence of  Patients with more than 2 tick bites have anti-a- [39]
healthy controls. anti-a-Gal IgE in healthy individuals and Gal IgE antibody levels than those with one
patients with record of one, two, three and tick bite or healthy individuals.
more than 4 tick bites, respectively.
Denmark: 2297 randomly selected adults. 5.5% (cutoff 0.1 IU/ml) and 1.8% (cutoff 0.35 IU/ a-Gal sIgE positivity was associated with [42]
ml) prevalence of anti-a-Gal IgE in randomly a history of tick bites, atopy, and cat
selected adults. ownership.
Various patient populations. 92 with AGS and Patients with blood type B were approximately 5 Blood group B protect from develop allergic [45]

188 controls.

times less likely to have AGS than those with
blood type O.

sensitization to a-Gal.

in internal tissues and organs, has also been identified as a major
risk factor for developing AGS [35-37]. Mastocytosis is associated
with sensitivity to venom in patients and, although not as com-
mon, severe reactions to foods and a-Gal sensitivity are also
reported in patients suffering this disease [35-37].
Nevertheless, these co-factors in the clinical history of the
AGS could be used for disease risk assessment using
a similar experimental approach previously proposed for
tick-borne diseases [51]. For example, to estimate the risk
(probability) that a patient with anti-a-Gal IgE antibody
levels higher than 0.35 IU/ml develop allergic reactions to
the consumption of mammalian meat or innards, we pro-
pose to consider these co-factors (CF) as Risk (R) = CF(a)
X CF(b) X CF(c) X CF(d) X ... CF(n). It is necessary to collect
the information about these co-factors from individuals who
are sensitized to a-Gal and/or showing signs of allergy to the
consumption of mammalian meat or innards, tick bites,
xenotransplantation or certain a-Gal-containing drugs.

Furthermore, when enough data becomes available it may
be possible to use machine learning algorithms by assigning
different risk values to each co-factor as input variables to
estimate R as the response variable for high or low risk of
AGS [52] (Table 2).

The mechanisms triggering the AGS have not been fully
characterized, but the biological processes involved in a-Gal-
containing biomolecules absorption, digestion, and subsequent
presentation to the host immune system after mammalian meat
consumption appear to be very important [4,28,53]. Therefore,
although still to be demonstrated, exposure to these co-factors
related to the clinical history of the AGS may enhance absorption
of the a-Gal-containing antigens, decrease the threshold of
response, and/or contribute to the severity of the allergic reac-
tions to a-Gal [6,17]. Finally, the natural history of a-Gal IgE
sensitization is important to determine whether early sympto-
matology would develop over time into more severe, anaphy-
lactic reactions.
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Table 2. Proposed machine learning algorithm. Example data are for illustrative purposes only.

Input co-factor variables

(putative observed predictors as described in section 3)

Response risk variables (R)

CF CF CF
Individuals (I) (a) CF(b) CF(c) CF(d) CF(e) CF(f) CF(g) (h) (n) R High (H) Low (L) risk
Known information Average importance of each co-factor
(learned from known information)
13 24 9 8 14 25 79 3 4 - - -
n 100 20 12 10 1" 13 90 50 0 34% H
12 22 31 50 20 33 82 75 30 25 41% H
13 0 44 21 0 3 0 100 0 2 19% L
In 21 0 2 0 7 6 50 2 10 1% L
New individuals New information Predictions
(collected from new individuals)
New 11 25 24 19 10 61 20 90 18 1 30% H
New 12 1 3 1 35 12 2 20 1 1 8% L
New In 17 2 10 22 70 9 100 100 15 38% H

4. ldentification of host-derived immune response
markers for the diagnosis of the AGS

The C57BL/6 a1,3-Galactosyltransferase-knockout (a1,3-GalT-
KO) mice and zebrafish that like humans do not synthesize a-
Gal have been used as a model to characterize the molecular
mechanisms in response to percutaneous sensitization to a-
Gal [54,55] and the IgE-mediated immune response to
Amblyomma spp. tick saliva or proteins [54,56].

The results from experiments in these animal models
together with the evidence obtained from studies in humans
suggest that the mechanisms triggering the AGS involve Toll-
like receptor (TLR)-mediated responses in both Th1 and Th2
cells that are involved in macrophage cell-mediated innate
immune response and B cell/antibody-mediated adaptive
immune response [4,55-57-60]. Basophils have been also pro-
posed to play a role in this process [4,57]. Based on these
predicted regulatory pathways, cytokines such as interleukins
(IL) IL-1 and IL-4 were suggested to play a key role in the
response to a-Gal-containing biomolecules resulting in the
development of the AGS (recently summarized by [55]).
These results suggested the possibility of exploring the quan-
titation of immune response markers such as IL-1 and IL-4
serum and/or mRNA levels as a complementary approach for
the diagnosis of the AGS. However, this possibility requires
additional studies in animal models and analyses in human
samples to evaluate its efficacy.

5. Identification of tick-derived proteins for the
diagnosis of the AGS

It has been shown that tick saliva contains glycoproteins with
a-Gal modifications that after tick bite can induce in some
individuals the production of high anti-a-Gal IgE antibody
levels that may result in the AGS (recently reviewed by [4]).
The presence of a-Gal in tick glycolipids has not been demon-
strated. Furthermore, studies in tick salivary glands and saliva
have shown the presence of a-Gal that may be synthesized by
ticks and/or come from host biomolecules present in the
bloodmeal [4,9,40,41,55,58].

Recently, an experimental approach was proposed using
one-dimensional and two-dimensional Western blot combined
with proteomics to identify Rhipicephalus bursa and Hyalomma

marginatum proteins that contain a-Gal and react with sera
from individuals with and without AGS [9]. Another study used
a similar approach and identified a-Gal-carrying IgE-binding
proteins in adults and larvae I. ricinus [59]. The results showed
the presence of proteins with a-Gal and reactive only to
patient-specific antibodies. However, tick salivary gland pro-
teins differentially recognized by IgE in patient’s sera were not
positive for a-Gal, thus suggesting that tick proteins without
this modification could be also used to evaluate exposure to
tick bites and risk for AGS [9,15]. Some of these proteins could
be potentially used to develop ELISA tests to quantify the
antibody response as a complementary approach for the diag-
nosis of the AGS.

6. Conclusions

The incidence of the AGS is growing worldwide and requires
effective diagnosis approaches to implement interventions
limiting disease impact on human health. The classical diag-
nosis of the AGS based on anti-a-Gal IgE titers is necessary but
not sufficient for an effective diagnosis of the syndrome.
Several co-factors may affect disease symptoms and thus are
important to consider for the diagnosis of the AGS. Some of
these co-factors have been identified but additional studies
are required to develop more effective diagnosis tools. These
studies should be focused on the molecular mechanisms trig-
gering the AGS, the biological processes involved in a-Gal
absorption, digestion, and subsequent presentation to the
host immune system after mammalian meat consumption,
the identification of early symptomatology factors that
develop over time into more severe anaphylactic reactions,
and the identification of host-derived immune response mar-
kers and tick-derived proteins for the development of new
diagnostic tools.

7. Expert opinion

Conclusive diagnosis of AGS cannot be achieved using anti-a-
Gal IgE titers information alone. BAT was proposed to differ-
entiate between patients with AGS and asymptomatic a-Gal
sensitization [27]. However, BAT requires highly specialized
expertise and laboratory equipment and reagents not



available in Primary Healthcare Centers, and therefore this
methodology is currently only employed in an experimental
setting [25]. In 2018, the National Institute of Allergy and
Infectious Diseases Workshop on understanding the AGS
agreed that future research should focus in incorporating the
natural history of a-Gal IgE sensitization in the diagnosis of the
AGS and to determine whether early symptomatology can be
used to predict the development of more severe anaphylactic
reactions to a-Gal [6]. The list of risk factors that have been
associated with the development of AGS is long and complex
and therefore difficult to incorporate into a procedure of
standardized diagnostics for AGS [4].

In this expert opinion, we propose an integrative diagnostic
methodology in which several co-factors associated with the
clinical history of the AGS are combined in a machine learning
algorithm to improve AGS diagnosis. Such an algorithm can be
coded in a programming language to create a software that
could be the basis for a mobile application (app) to be imple-
mented in the clinical practice for the diagnosis of AGS. One of
the limitations of current AGS diagnosis is the lack of standardi-
zation in the co-factors considered by physicians when assessing
the risk of developing AGS. A mobile app using the algorithm
proposed here can include a standardized questionnaire filled by
physicians in which, in addition to anti-a-Gal IgE levels, co-factors
information can be included to calculate the risk of developing
AGS as low, moderate, and high for each patient. Standardization
in diagnostic methodologies decreases the rate of false positive
and false negative results (e.g. [61]).
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Introduction

The gene coding for a-1,3-galactosyltransferase (al,3GT)
was inactivated in old-world monkeys, an evolutionary adapta-
tion that resulted in the production of high antibody titers against
glycan Galal-3Galf1-(3)4GIcNAc-R  (0-Gal) (Galili, 2015).
Previous results showed that up to 1-5% of the circulating
IgM/IgG found in healthy individuals are directed against
a-Gal (Macher & Galili, 2008). Bacteria in the human gut
microbiome express a/,3GT genes to produce o-Gal epitopes
(Montassier et al., 2020), suggesting that natural anti-o-Gal
antibodies are produced in response to gut microbiota
(Bello-Gil et al., 2019; Galili et al., 1988; Mafiez et al., 2001;
Yilmaz er al., 2014). This evolutionary adaptation has been
associated with the protective response of anti-a-Gal IgM/IgG
antibodies against pathogens containing this modification on
membrane proteins (Galili, 2018; Hodzi¢ er al., 2020). In con-
trast, the presence of a-Gal in tick salivary glycoproteins and
glycolipids (Araujo er al., 2016; Cabezas-Cruz er al., 2018;
Chinuki er al., 2016; Crispell et al., 2019) and tick cement (Villar
et al., 2020) induces anti-a-Gal IgE antibodies that mediate
delayed anaphylaxis to mammalian meat consumption and imme-
diate anaphylaxis to tick bites, xenotransplantation and certain
drugs such as cetuximab (Cabezas-Cruz er al., 2019; Commins
et al., 2009; Contreras et al., 2020; de la Fuente et al., 2019a;
de la Fuente et al., 2020; Fischer et al., 2016; Levin et al., 2019;
Mateos-Hernandez et al., 2017; Platts-Mills et al., 2020; Steinke
et al., 2015; van Nunen et al., 2007).

Factors that may affect the antibody response to a-Gal include
but are not limited to age, repeat consumption of certain food
and meats of different origin or innards with higher a-Gal
content, exposure to tick bites, ABO blood group, co-occurring
disorders and exposure to cats and other pets (Cabezas-Cruz
et al., 2017; Cabezas-Cruz et al., 2019; Commins, 2016;
Commins et al., 2014; de la Fuente et al., 2020a; Fischer et al.,
2014; Fischer et al., 2016; Morisset et al., 2012; Platts-Mills
2020; Wolbing er al., 2013). Additionally, the
anti-o-Gal-specific IgE response has been associated with other
diseases such as atopy, coronary artery disease and atherosclerosis
(Gonzalez-Quintela et al., 2014; Wilson et al., 2017; Wilson et al.,
2019). Furthermore, a-Gal-mediated innate and adaptive immune
response mechanisms have been associated with protection
against pathogen infection in various animal models (Hodzi¢
et al., 2020). However, little is known about the influence of
anti-o-Gal immune response on immune-mediated disor-
ders such as those occurring in patients with COVID-19 and
Guillain-Barré syndrome (GBS).

et al.,

These results raise questions and hypothesis regarding the role
of a-Gal-mediated immune responses in disease symptomatology
and possible protective mechanisms (de la Fuente er al., 2019b;
de la Fuente et al., 2020b; Pacheco et al., 2020; Urra et al., 2020).
Consequently, to advance in addressing these questions and
hypothesis, here we provide data on the IgE/IgM/IgG/IgA
anti-a-Gal antibody response in healthy individuals and patients
diagnosed with AGS, tick-borne allergies, GBS and COVID-19.
These data contribute to correlative analyses of the anti-a-Gal
antibody response with factors such as patient and clinical
characteristics, record of tick bites, blood group, age and sex.

F1000Research 2020, 9:1366 Last updated: 11 DEC 2020

These analyses could provide insights into the role of anti-a-Gal
antibody response in disease symptomatology and protection
against immune-mediated disorders.

Materials and methods

Essential methods used for the generation of the dataset (de la
Fuente er al., 2020) were described in Urra er al. (2020) with
additional information in Pacheco er al. (2020) and Doncel-Pérez
et al. (2020).

Patients and healthy individuals

A retrospective case-control study was conducted in patients
suffering from COVID-19 admitted to the University General
Hospital of Ciudad Real (HGUCR), Spain from March 1 to
April 15, 2020. The infection by SARS-CoV-2 was confirmed
in all patients included in the study by the real-time reverse
transcriptase-polymerase chain reaction (RT-PCR) assay from
Abbott Laboratories (Abbott RealTime SARS-COV-2 assay,
Abbott Park, Illinois, USA) from upper respiratory tract samples
after hospital admission. Clinical features, as well as laboratory
determinations were obtained from patient’s medical records.
The patients were grouped as hospital discharge, hospitalized
and intensive care unit (Urra er al., 2020). Patients were hos-
pitalized for developing a moderate-severe clinical condition
with radiologically demonstrated pneumonia and failure in
blood oxygen saturation. Patients with acute respiratory failure
who needed mechanical ventilation support were admitted to
a hospital ICU. The patients were discharged from the hospital
due to the clinical and radiological improvement of pneumonia
caused by the SARS-CoV-2, along with the normalization
of analytical parameters indicative of inflammation, such as
C-reactive protein (CRP), D-Dimer and blood cell count (Urra
et al., 2020). Samples from asymptomatic COVID-19 cases with
positive anti-SARS-CoV-2 IgG antibody titers but negative by
RT-PCR were collected in May 22-29, 2020 and included in the
dataset (Urra er al., 2020). Samples from healthy individuals
(individuals without record of tick bites and allergic reactions)
and patients diagnosed with tick-borne allergic reactions (AGS,
anaphylaxis or urticaria) were collected prior to COVID-19
pandemic in April 2019 (Pacheco er al., 2020). The use of
human peripheral blood serum samples from healthy individuals
and patients diagnosed with tick-borne allergic reactions was
done with their written informed consent in compliance with
the Helsinki Declaration. Nursing personnel at the General
University Hospital of Ciudad Real, Spain, extracted blood
samples. Samples and data from patients with GBS included in
this dataset were provided by the BioB-HVS, integrated into the
Spanish National Biobanks Network. All samples were proc-
essed following standard operating procedures with the appro-
priate approval of the Ethical and Scientific Committees (Toledo
Hospitable Complex 29012014-Nol7, University Hospital of
Ciudad Real C-352 and SESCAM C-73).

Preparation of serum samples

For the preparation of serum samples, a sterile tube without
anticoagulant was used to collect blood samples. The blood
from each patient and the healthy individual was maintained in
standing position at room temperature (RT) for clotting
(20-30 min) and centrifuged at 1,500 x g for 20 min at RT.
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Serum was collected and conserved at -20°C until used for
analysis.

Determination of antibody titers against a-Gal

For ELISA, high absorption capacity polystyrene microtiter
plates were coated with 50 ng of BSA coated with a-Gal
(BSA-0-Gal, thereafter named o-Gal; Dextra, Shinfield, UK) per
well in carbonate-bicarbonate buffer (Sigma-Aldrich, St. Louis,
MO, USA). After an overnight incubation at 4°C, coated plates
were washed one time with 100 pl/well PBS with 0.05% Tween
20 (PBST) (Sigma-Aldrich), blocked with 100 ul/well of 1%
human serum albumin (HAS) in PBST (Sigma-Aldrich) for 1
h at RT and then washed four times with 100 ul/well of PBST.
Human serum samples were diluted 1:100 in PBST with 1% HAS
and 100 pl/well were added into the wells of the antigen-coated
plates and incubated for 1 h at 37°C. Plates were washed four
times with PBST and 100 pl/well of goat anti-human immu-
noglobulins-peroxidase IgG (FC specific) (Cat. No. 12136), IgM
(u-chain specific) (Cat. No. 11636), and IgE (e-chain specific)
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(Cat. No. 16284) secondary antibodies (Sigma-Aldrich) diluted
1:1000, v/v in blocking solution were added and incubated for
1 h at RT. Plates were washed four times with 100 ul/well of
PBST and 100 ul/well of 3,3,5,5-tetramethylbenzidine TMB
(Promega, Madison, WI, USA) were added and incubated for
20 min at RT. Finally, the reaction was stopped with 50 ul/well
of 2 N H,SO, and the O.D. was measured in a spectrophotom-
eter at 450 nm. The average of two technical replicates per
sample was used for analysis after background (coated wells
incubated with PBS and secondary antibodies) subtraction.

Statistical analysis

Anti-a-Gal IgE, IgM and IgG antibody titers (O.D. at 450 nm
values) were compared for each Ig by one-way ANOVA test
(p < 0.05) (https://www.socscistatistics.com/tests/anova/default2.
aspx) (Figure 1A and 1C). A Spearman Rho correlation analysis
(p < 0.01; https://www.socscistatistics.com/tests/spearman/
default2.aspx) was conducted between anti-a-Gal IgE, IgM and
IgG antibody titers and age (Figure 1B).
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Figure 1. An example of the effect of certain factors such as (A) blood group, (B) age and (C) sex on the antibody response to a-Gal in
healthy individuals. Anti-a-Gal IgE, IgM and IgG antibody titers were determined by ELISA. (A, C) The ELISA O.D. at 450 nm values were
compared for each Ig by one-way ANOVA test (p < 0.05). (B) A Spearman Rho correlation analysis (p < 0.01) was conducted between anti-a-
Gal IgE, IgM and IgG antibody titers and age. Correlation coefficient (R?) is shown.

Page 4 of 8



CHAPTER 2. Inmune response to alpha-Gal for the Alpha Gal Syndrome

Dataset validation

The dataset (de la Fuente er al., 2020) was validated in stud-
ies reported by Urra er al. (2020), Pacheco er al. (2020) and
Doncel-Pérez et al. (2020). Additionally, a comparative analy-
sis was conducted between the IgE+IgM+IgG antibody response
to a-Gal and blood groups (Figure 1A), age (Figure 1B) and
sex (Figure 1C) in healthy individuals (n = 75) to illustrate lower
antibody titers in blood group B/AB individuals as previously
reported (Cabezas-Cruz er al., 2017) but no differences regard-
ing age and sex, which have been reported before as factors
affecting the antibody response to a-Gal, infection and vaccina-
tion (Buonomano et al., 1999; Giefing-Kroll et al., 2015; Wang
et al., 1995).

The main limitation of the dataset is sample size for some
factors (i.e. age, sex or blood group), which were not disclosed
by all individuals, and anti-a-Gal IgA antibody titers that could
be considered in the analysis (Mateos-Herndndez er al., 2020,
Urra et al., 2020).

Data availability

Underlying data

Harvard Dataverse: A dataset for the analysis of antibody response
to glycan alpha-Gal in individuals with immune-mediated
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This dataset contains characteristics and serum anti-
body levels of the individuals included in the study and
was used in analyses reported in publications by Urra er al.
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(2020).
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ARTICLE INFO ABSTRACT

Keywords: Humans evolved by losing the capacity to synthesize the glycan Gala1-3Galp1-(3)4GlcNAc-R (a-Gal), which
Tick resulted in the capacity to develop a protective response mediated by anti-a-Gal IgM/IgG antibodies against
Alpha-Gal pathogens containing this modification on membrane proteins. As an evolutionary trade-off, humans can develop
A”?W , the alpha-Gal syndrome (AGS), a recently diagnosed disease mainly associated with allergic reactions to
Guillain-Barré syndrome . . . . . . .

Immunology mammalian meat consumption. The etiology of the AGS is the exposure to tick bites and the IgE antibody
Antibody response against a-Gal-containing glycoproteins and glycolipids. The objective of this study was to characterize

the anti-a-Gal antibody response in association with the immune-mediated peripheral neuropathy, Guillain-Barré
syndrome (GBS), and compare it with different factors known to modulate the antibody response to a-Gal such as
exposure to tick bites and development of allergic reactions in response to tick bites. The results showed a
significant decrease in the IgM/IgG response to «-Gal in GBS patients when compared to healthy individuals. In
contrast, the IgM/IgG levels to a-Gal did not change in patients with allergic reactions to tick bites. The IgE
response was not affected in GBS patients, but as expected, the IgE levels significantly increased in individuals
exposed to tick bites and patients with tick-associated allergies. These results suggest that the immune pathways
of anti-a-Gal IgM/IgG and IgE production are independent. Further studies should consider the susceptibility to
allergic reactions to tick bites in GBS patients.

Alpha-Gal syndrome

1. Introduction 2020) and experimental enrichment of gut milieu with Escherichia coli

086:B7 with high levels of a-Gal on its surface, elicited an anti-a-Gal

Inactivation of the a-1,3-galactosyltransferase (a1,3 G T) gene in old
world monkeys, apes and humans resulted in an almost unique ability of
this group of primates to produce high antibody titres against Galal-
3Galp1-(3)4GlcNAc-R (a-Gal) (Galili, 2015). Previous results showed
that up to 1 %-5 % of the circulating IgM/IgG found in healthy in-
dividuals are directed against a-Gal (Macher and Galili, 2008). Bacteria
in the human gut microbiome produce «1,3 G T genes (Montassier et al.,

IgM/IgG response that protected al,3 G T-deficient mice against malaria
transmission (Yilmaz et al., 2014). These results strongly suggest that
natural anti-a-Gal antibodies are produced in response to gut microbiota
(Galili et al., 1988; Manez et al., 2001; Bello-Gil et al., 2019). This
evolutionary adaptation has been associated with the protective
response of anti-a-Gal IgM/IgG antibodies against pathogens containing
this modification on membrane proteins (Galili, 2018; Hodzic et al.,
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2020a). In contrast, the presence of a-Gal in tick salivary glycoproteins
and glycolipids (Araujo et al., 2016; Chinuki et al., 2016; Cabezas-Cruz
et al., 2018; Crispell et al., 2019) and possibly tick cement (Villar et al.,
2020), induces anti-a-Gal IgE antibodies that mediate delayed anaphy-
laxis to mammalian meat consumption and immediate anaphylaxis to
tick bites, xenotransplantation and certain drugs such as cetuximab (van
Nunen et al., 2007; Commins et al., 2009; Steinke et al., 2015; Fischer
et al., 2016; Mateos-Hernandez et al., 2017; Cabezas-Cruz et al., 2019;
Levin et al., 2019; Platts-Mills et al., 2020; de la Fuente et al., 2019a,
2020; Contreras et al., 2020).

Factors that may affect the antibody response to a-Gal include but
are not limited to age, repeat consumption of certain food and meats of
different origin or innards with higher a-Gal content, exposure to tick
bites, alcohol consumption, exercise, use of non-steroidal anti-inflam-
matory medications, ABO blood group, co-occurring disorders and
exposure to cats and other pets (Commins, 2016; Wolbing et al., 2013;
Commins et al., 2014; Fischer et al., 2014; Morisset et al., 2012; Fischer
et al., 2016; Cabezas-Cruz et al., 2017, 2019; Platts-Mills et al., 2020; de
la Fuente et al., 2020). Additionally, the anti-a-Gal-specific IgE response
has been associated with other diseases such as atopy, coronary artery
disease and atherosclerosis (Gonzalez-Quintela et al., 2014; Wilson
et al.,, 2017, 2019). However, little is known about the influence of
immune-mediated peripheral neuropathies on the antibody response to
a-Gal. In this regard, a particularly interesting question is whether
immune-mediated disorders such as Guillain-Barré syndrome (GBS) that
are associated with deregulation of the response to self-antigens also
produce deregulation of the immune response to o-Gal. GBS is an
autoimmune disease associated with recent bacterial or viral infection
and with the involvement of both cellular and humoral immune re-
sponses (Van den Berg et al., 2014; Doncel-Pérez et al., 2016). The
objective of this study was to evaluate the anti-a-Gal response in GBS
patients. A cohort of patients from the same geographical origin and
suffering tick-related allergies was used for comparative purposes. This
study is of clinical relevance because factors affecting the levels of
anti-a-Gal may influence the risk of patients to develop tick-induced
allergies or their susceptibility to infectious diseases.

2. Materials and methods
2.1. Experimental design

The study focused on the characterization of the effect of GBS on the
IgE, IgM and IgG antibody response to a-Gal. Tick bites and allergic
reactions to tick bites in healthy individuals and cases of AGS,
anaphylaxis and urticaria were included for comparative purposes
(Table 1). A correlation analysis between the anti-a-Gal-specific IgE
antibody response, which has been associated with the AGS, was con-
ducted with respect to the different cases of GBS and allergy-type re-
actions to tick bites to provide new insights into the immune-mediated
mechanisms associated with GBS.

2.2. Patients and healthy individuals

The use of human peripheral blood serum samples from patients and
healthy individuals was done with their written informed consent in
compliance with the Helsinki Declaration. Nursing personnel at the
General University Hospital of Ciudad Real, Spain, extracted blood
samples. Samples and data from patients with GBS included in this study
were provided by the BioB-HVS, integrated into the Spanish National
Biobanks Network. Both groups of samples were processed following
standard operating procedures with the appropriate approval of the
Ethical and Scientific Committees (Toledo Hospitable Complex
29012014-No17 and SESCAM C-73).

Table 1

Characterization of the immune response to alpha-Gal antigen
and possibilities for the control of infectious diseases
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Patients and healthy individuals.

Group

Description

Data of individuals*

Factor: GBS (Fig. 1)

Healthy (Figs. 1, 2A
and B, A1B, A1C)

Factor: Tick bites (
Fig. 2A)

Factor: Tick bites and
allergy (Fig. 2B)

Patients diagnosed with GBS and

hospitalized

No record of tick bites and no

allergic reaction

No allergic reactions to tick bites

or no record of tick bites

Record of tick bites

No record of tick bites

Record of tick bites and allergic

reaction

Record or not of tick bites and no

allergic reaction

Record of tick bites and no

allergic reaction

n=22

51 + 21 (12-83)
years-old

F/M = 0.6

40 + 11 (21-60)
years-old
F/M =15

49 + 9 (21-60) years-
old
F/M=12

42 414 (13-74)
years-old

F/M = 0.6

A. americanum
Ixodes scapularis
Ixodes ricinus
Rhipicephalus bursa
Rhipicephalus
sanguineus
Hyalomma lusitanicum
Hyalomma marginatum
Dermacentor
marginatus
Rhipicephalus spp.
Unknown

Spain, USA, Brazil,
Portugal, France,
Morocco

n =37

40 + 11 (21-60)
years-old

F/M =15

Spain

n=12

45 + 16 (26-74)
years-old

F/M = 0.7

A. americanum
Rhipicephalus bursa,
Rhipicephalus
sanguineus
Rhipicephalus spp.
Hyalomma marginatum
Unknown

Spain, Brazil, France,
USA,

Morocco

n=78

40 + 12 (13-60)
years-old

F/M =09

A. americanum
Ixodes scapularis
Ixodes ricinus
Rhipicephalus bursa
Hyalomma lusitanicum
Dermacentor
marginatus
Rhipicephalus spp.
Unknown

Spain, USA, Brazil,
Portugal

n=41

40 + 12 (13-57)
years-old

F/M = 0.6

A. americanum
Ixodes scapularis

(continued on next page)
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Table 1 (continued)

Group Description Data of individuals*

Ixodes ricinus
Rhipicephalus bursa
Hyalomma lusitanicum
Dermacentor
marginatus
Rhipicephalus spp.
Unknown
Spain, USA, Brazil,
Portugal
n=2
Patients with diagnosed AGS 70 + 6 (65—74) years-
with history of tick bites, delayed ~ old
anaphylaxis to mammalian meat ~ F/M = 1.0
consumption and positive anti- Amblyomma
«-Gal IgE response (> 6 kU/1) americanum
UsA
n==6
54 + 16 (26—-74)
years-old
F/M = 1.0
A. americanum
Rhipicephalus bursa
Rhipicephalus spp.
Hyalomma marginatum
Unknown
USA, Spain, Morocco
n==6
35 =+ 9 (27-52) years-
old
F/M = 0.5
Rhipicephalus
sanguineus
Unknown
Spain, Brazil, France

AGS (Fig. A1B and
Al1Q)

Patients with immediate
anaphylaxis to tick bites

Anaphylaxis
(Fig. A1B and A1C)

Skin local reactions
(urticaria)
(Fig. A1A-A1C)

Individuals with reported skin
local reactions to tick bite

“ Data for each group includes number of individuals (n), age (years-old),
female to male ratio (FM), tick species and countries where tick bites were
recorded.

2.3. Preparation of serum samples

For the preparation of serum samples, a sterile tube without anti-
coagulant was used to collect blood samples. The blood from each pa-
tient and the healthy individual was maintained in standing position at
room temperature (RT) for clotting (20—30 min), and centrifuged at
1,500xg for 20 min at RT. Serum was collected and conserved at -20 °C
until used for analysis.

2.4. Determination of antibody titers against a-Gal

For ELISA, high absorption capacity polystyrene microtiter plates
were coated with 50 ng of BSA coated with a-Gal (BSA-a-Gal, thereafter
named a-Gal; Dextra, Shinfield, UK) per well in carbonate-bicarbonate
buffer (Sigma-Aldrich, St. Louis, MO, USA). After an overnight incuba-
tion at 4 °C, coated plates were washed one time with 100 pL/well PBS
with 0.05 % Tween 20 (PBST) (Sigma-Aldrich), blocked with 100 pL/
well of 1% human serum albumin (HAS) in PBST (Sigma-Aldrich) for 1 h
at RT and then washed 4 times with 100 pL/well of PBST. Human serum
samples were diluted 1:50 in PBST with 1% HAS and 100 pL/well were
added into the wells of the antigen-coated plates and incubated for 1 h at
37 °C. Plates were washed four times with PBST and 100 pL/well of goat
anti-human immunoglobulins-peroxidase IgG (FC specific), IgM
(p-chain specific), and IgE (e-chain specific) secondary antibodies
(Sigma-Aldrich) diluted 1:1000, v/v in blocking solution were added
and incubated for 1 h at RT. Plates were washed four times with 100 pL/
well of PBST and 100 pL/well of 3,3,'5,5-tetramethylbenzidine TMB
(Promega, Madison, WI, USA) were added and incubated for 20 min at
RT. Finally, the reaction was stopped with 50 pL/well of 2 N H,SO4 and
the O.D. was measured in a spectrophotometer at 450 nm. The average
of two technical replicates per sample was used for analysis after

Ticks and Tick-borne Diseases 12 (2021) 101651

background (coated wells incubated with PBS and secondary antibodies)
subtraction. The anti-a-Gal IgE antibody titers were determined in sera
from selected individuals (n = 2 from each AGS, anaphylaxis, skin local
reaction and no allergic reactions group) using the InmunoCAP Phadia
250 automated platform (Thermo Fisher Scientific, Uppsala, Sweden)
with the commercial ImmunoCap a-Gal bovine Thyroglobulin kit ac-
cording to the manufacturer’s instructions (Mateos-Hernandez et al.,
2017). These values were used to draw a trendline (R2 = 0.83) to
calculate the corresponding kU/1 values for the ELISA O.D. at 450 nm
values using the formula IgE titers (kU/l) = EXP ((0.D.450 nm -
2.9)/0.2). Positive anti-a-Gal IgE levels were considered at cut-off value
of 0.35 kU/1 (Platts-Mills et al., 2020). The ELISA O.D. at 450 nm values
were compared between different groups by pairwise comparisons using
the nonparametric Mann-Whitney U test (p = 0.05, https://www.socsc
istatistics.com/tests/mannwhitney/default2.aspx). A Spearman Rho
(rs) correlation analysis (p = 0.01; https://www.socscistatistics.com/te
sts/spearman/default2.aspx) was conducted between anti-a-Gal IgE
antibody titers and allergy-type reactions.

3. Results and discussion

3.1. Differential regulation of the antibody response to a-Gal in
individuals with GBS or tick allergies associated with a-Gal

A new factor that may affect the antibody response to a-Gal was
considered in this study. In patients with GBS we found that the anti-
a-Gal IgM and IgG antibody levels were significantly lower (p < 0.01)
than in healthy control individuals (Fig. 1). These results suggested that
the reduction in anti-a-Gal IgM and IgG antibody levels may increase the
susceptibility to infectious diseases or contribute to the neuropathy in
GBS patients. Considering the recognized pathogen-mediated ethology
of GBS (Townson et al., 2007; Van den Berg et al., 2014), it would be
interesting to test whether pre-existing low levels of anti-gal antibodies
predispose to infection by pathogens triggering autoimmunity associ-
ated with anti-GM1 antibodies and GBS. It has been proposed that the
GBS may be associated with infection by bacterial or viral pathogens
such as Campylobacter jejuni, Haemophilus bacteria, cytomegalovirus
(CMV), hepatitis C virus (HCV), human immunodeficiency virus (HIV)
Zika virus (Rosinska et al., 2012; Van den Berg et al., 2014; Nugent et al.,
2017; de la Fuente et al., 2019b), and recently SARS-CoV-2 (Zhao et al.,
2020; Toscano et al., 2020). Although still controversial (Koga et al.,
2005), Haemophilus influenzae, a bacterium expressing a1,3 G T-coding
genes (Bello-Gil et al., 2019) and recognized by galactose-specific ag-
glutinins from Ricinus communis (Kalograiaki et al., 2018), is considered
a causative agent of GBS (Mori et al., 2000; Ju et al., 2004). Further-
more, as recently suggested for SARS-CoV-2, enveloped viruses carrying
blood type B antigen or virus-like particles (VLPs) with a-Gal modifi-
cations can be targeted by anti-a-Gal IgM and IgG (Breiman et al., 2020;
Galili, 2020; Chen, 2020; Urra et al., 2020; Bogani et al., 2020). Based on
the proposed protective mechanisms in response to a-Gal in the zebra-
fish animal model (Pacheco et al., 2020), it may be also considered that
pathogen infection reduces anti-a-Gal antibody levels through interfer-
ence with B-cell maturation while anti-GM1 antibodies mediate demy-
elination and nerve conduction failure. Additionally, it may be possible
that targeting of the macrophage FcR by anti-GM1 antibodies may de-
creases FcR-mediated phagocytosis and macrophage response to facili-
tate pathogen infection. Another mechanism by which pathogen
infection may decrease the levels of anti-a-Gal IgM and IgG is by
inducing a dysbiosis in which the abundance of a-Gal-producing bac-
teria is reduced. Removal of aerobic gram-negative bacteria is more
effective than immunosuppression to decrease natural alpha-galactosyl
IgG antibodies (Manez et al., 2001). Microbiota composition in-
fluences infection by C. jejuni, the major pathogen associated with GBS,
and also gut colonization by the pathogen is associated with dysbiosis in
different animal models and humans (Indikova et al., 2015; O’Loughlin
et al., 2015; Kampmann et al., 2016). If proven right, these results
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Fig. 1. Effect of GBS on the antibody response to a-Gal. Anti-a-Gal IgE, IgM and IgG antibody titers were determined by ELISA in patients with GBS and healthy
individuals (Table 1). The ELISA O.D. at 450 nm values were compared between different groups by pairwise comparisons using the nonparametric Mann-Whitney U

test (p < 0.05). Only significant differences (p < 0.05) are shown.

suggest the possibility of boosting the antibody response to a-Gal to
prevent infections that may lead to GBS.

In contrast to GBS, the IgM and IgG antibody levels against a-Gal
were not affected by tick bites or allergy factors (Fig. 2A and B). In
contrast to humans, tick bites increase anti-a-Gal IgM levels but do not
affect anti-a-Gal IgE levels in dogs, an animal that produces o-Gal as a
self-antigen (Hodzic et al., 2019). These findings suggest that the pro-
duction of anti-a-Gal IgE autoantibodies is tightly regulated, a hypoth-
esis supported by growing evidence showing that IgE plays an important
role in autoimmunity (Sanjuan et al., 2016).

The antibody response to a-Gal has been used to study the AGS but
different factors may affect the anti-a-Gal IgE, IgM and IgG antibody
levels (Commins, 2016; Wolbing et al., 2013; Commins et al., 2014;
Fischer et al., 2014; Morisset et al., 2012; Fischer et al., 2016; Cabe-
zas-Cruz et al., 2017, 2019; Platts-Mills et al., 2020; de la Fuente et al.,
2020). To further expand the knowledge of the factors affecting the IgE
response to a-Gal and potentially the AGS, we studied the IgE response
in GBS. Patients exposed to factors unequivocally known to increase the
IgE response (i.e. exposure to tick bites, development of allergic re-
actions in response to tick bites) were used as controls. As previously
reported (recently reviewed by de la Fuente et al., 2020), the results
showed a significant increase (p < 0.05) in anti-a-Gal IgE antibody levels
in response to tick bites (1.3-fold) and allergic reactions to tick bites
(1.4-1.5-fold) (Fig. 2A and B). These results support the use of the
anti-a-Gal-specific IgE response for the diagnosis of the AGS in patients
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with an appropriate clinical history (Platts-Mills et al., 2020). Symp-
tomatic individuals included in the study showed different allergic re-
actions in response to tick bites (Table 1). Allergy-type reactions were
rated from severe AGS and anaphylaxis to mild skin local reactions or
urticaria to no reactions (Table 1). Patients with anaphylactic reactions
to tick bite had different manifestations including generalized itching
and erythema, difficult breathing, nausea and somnolence (Mateos-H-
ernandez et al., 2017). Skin reactions to tick bite were manifested as
urticaria (Case 1, Fig. A1A) or hives or disseminated rash (Case 2,
Fig. A1A). The correlation analysis between anti-a-Gal IgE antibody
levels and allergy-type reactions showed a significant positive correla-
tion (p < 0.0001) with the severity of allergic manifestations (Fig. A1B).
Using the quantitative analysis of anti-a-Gal IgE antibody titers at cut-off
value of 0.35 kU/1 (Platts-Mills et al., 2020), the results showed that 87.5
% (7/8) of the cases with AGS and anaphylaxis were positive while only
15 % (3/20) of the individuals with urticaria or asymptomatic showed
antibody levels higher than 0.35 kU/1 (Fig. A1C). In sharp contrast, GBS
patients showed no significant changes in the IgE response (Fig. 1).
These results are expected considering that switch to IgE is dependent on
Th2 associated cytokines (e.g. interleukins IL-4, IL-13) (Aalberse et al.,
2009) and that the anti-a-Gal IgE response has been associated to tick
bites and parasite infection (Arkestal et al., 2011). In contrast, some
parasites were found to inhibits the production of IgE antibodies to a-Gal
in humans (Hodzi¢ et al., 2020b). Several biomolecules in tick saliva
such as prostaglandin E2 (PGE;) were proposed to participate in

Factor: Tick bites & allergy
A: Ticks Yes / Allergy Yes

B: Ticks Yes,No /Allergy No
C: Ticks Yes / Allergy No
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Fig. 2. Effect of different factors on the antibody response to «-Gal. The factors considered in this study included (A) exposure to tick bites (Tick bites) and (B)
development of allergic reactions in response to tick bites (Tick bites & allergy) (Table 1). Anti-a-Gal IgE, IgM and IgG antibody titers were determined by ELISA. The
ELISA O.D. at 450 nm values were compared between different groups by pairwise comparisons using the nonparametric Mann-Whitney U test (p < 0.05). Only

significant differences (p < 0.05) are shown.
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inhibition of the Thl immune response and skew toward Th2 (Cabe-
zas-Cruz et al., 2019).

4. Conclusions

The main conclusions of our study could be summarized as (1) the
regulation of anti-a-Gal IgE is not directly linked to that of anti-a-Gal
1gM/1gG response, (2) the decrease in the IgM/IgG antibody response to
a-Gal observed in GBS patients may reflect gut microbiota dysbiosis
associated to infection by pathogens that trigger the neuropathy disor-
der, and (3) GBS should not be considered as a factor increasing the
levels of anti-a-Gal IgE and thus the risk for tick bite-related allergies.
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Figure Al. Allergic reactions in response to tick bites. (A) Representative ca-
ses of patients with skin urticarial type reactions after tick bite. Case 1, local
urticaria after R. sanguineus bite. Case 2, hives or disseminated rash after tick
bite of unknown species. (B, C) Correlation analysis between different aller-
gy-type reactions to tick bites and anti-a-Gal IgE antibody response (Table 1).
A Spearman Rho (rs) correlation analysis (p < 0.01) was conducted between
allergy-type reactions and (B) anti-a-Gal IgE antibody titers determined by
ELISA (O.D. at 450 nm) and (C) converted to kU/I. Positive anti-a-Gal IgE
levels were considered at cut-off value of 0.35 kU/I (red dashed line).
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Ticks are arthropod ectoparasite vectors of pathogens and the cause of allergic reactions
affecting human health worldwide. In humans, tick bites can induce high levels of
immunoglobulin E antibodies against the carbohydrate Gala1-3Galp1-(3)4GIcNAc-R
(a-Gal) present in glycoproteins and glycolipids from tick saliva that mediate anaphylactic
reactions known as the alpha-Gal syndrome (AGS) or red meat allergy. In this study,
a new animal model was developed using zebrafish for the study of allergic reactions
and the immune mechanisms in response to tick salivary biogenic substances and
red meat consumption. The results showed allergic hemorrhagic anaphylactic-type
reactions and abnormal behavior patterns likely in response to tick salivary toxic and
anticoagulant biogenic compounds different from a-Gal. However, the results showed
that only zebrafish previously exposed to tick saliva developed allergic reactions to red
meat consumption with rapid desensitization and tolerance. These allergic reactions
were associated with tissue-specific Toll-like receptor-mediated responses in types 1
and 2T helper cells (Ty1 and Ty2) with a possible role for basophils in response to tick
saliva. These results support previously proposed immune mechanisms triggering the
AGS and provided evidence for new mechanisms also potentially involved in the AGS.
These results support the use of the zebrafish animal model for the study of the AGS and
other tick-borne allergies.

Keywords: alpha gal, alpha gal syndrome, tick, zebrafish, allergy

INTRODUCTION

Arthropod ectoparasites are a growing burden worldwide (Stutzer et al., 2018). Local allergic
reactions to the bite of arthropod ectoparasites such as mosquitoes, ticks, fleas, mites, and lice are
common, but in some cases large local and anaphylactic reactions are possible (Lee et al., 2016;
Mihara, 2017; Stringer et al., 2017; Haddad et al., 2018; Ha et al., 2019).

Ticks are vectors of pathogens affecting human and animal health worldwide (de la Fuente
et al,, 2008, 2017). Tick saliva contains multiple biomolecules such as proteins and lipids that
facilitate feeding while counteracting host defense responses, properties that also lead to possible
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application of these molecules in therapeutic interventions
(Chmelar et al., 2019). However, tick bites themselves can induce
a spectrum of inflammatory reactions in response to toxic and
anticoagulant biogenic substances present in tick saliva and/or
mouthpart penetration such as coagulative necrosis producing
firm papules, tick paralysis, intense pruritus, tick bite alopecia,
cutaneous lymphoid hyperplasia, and cell histiocytosis (Mihara,
2017; Stringer et al., 2017; Haddad et al., 2018; Ha et al., 2019).
Additionally, tick bites can induce in humans high levels of
immunoglobulin E (IgE) antibodies against the carbohydrate
Gala1-3Galp1-(3)4GlcNAc-R (a-Gal) present in glycoproteins
and glycolipids from tick saliva that mediate delayed anaphylaxis
to red meat consumption, and immediate anaphylaxis to tick
bites, xenotransplantation, and certain drugs such as cetuximab
(Mateos-Hernandez et al, 2017; Hilger et al., 2019). These
anaphylactic reactions are known as the alpha-Gal syndrome
(AGS) or red meat allergy and are now the focus of recent
investigations (Commins et al., 2009; Van Nunen et al., 2009;
Platts-Mills et al., 2015; Steinke et al., 2015; Galili, 2018; Cabezas-
Cruz et al., 2019; de la Fuente et al., 2019; Hilger et al., 2019).

Recently, C57BL/6  al,3-galactosyltransferase-knockout
(a1,3-GalT-KO) mice that like humans do not synthesize a-Gal
have been used as a model to characterize the percutaneous
sensitization to o-Gal and Amblyomma sculptum tick saliva
(Araujo et al,, 2016) and the IgE-mediated immune response to
cutaneous exposure to Amblyomma americanum tick proteins
(Chandrasekhar et al., 2019). Additionally, this animal model has
been used to study the antibody response to the carbohydrate
a-Gal and its potential for the control of infectious diseases
caused by pathogens with this modification on their surface
(Yilmaz et al., 2014; Cabezas-Cruz et al., 2016; Iniguez et al., 2017;
Moura et al., 2017; Portillo et al., 2019). In this context, various
fish species constitute models for investigating human diseases
(Schartl, 2014), and zebrafish (Danio rerio Hamilton 1822) is a
relevant animal model for research in genetics, developmental
biology, toxicology, oncology, immunology, and allergy (Huang
etal., 2018).

In this study, we have developed a new zebrafish animal model
for the study of tick-borne allergies caused by biogenic substances
present in tick saliva. First, we showed that as occurs in humans,
zebrafish do not have a-Gal in their tissues and produce anti-
a-Gal IgM antibodies likely in response to bacteria with this
modification present in the gut microbiota. Then, an experiment
was conducted to evaluate the effect of tick saliva and the salivary
components a-Gal and prostaglandin E, (PGE;) alone and in
combination with red meat consumption on zebrafish allergic
response and survival. The results showed that some zebrafish
develop hemorrhagic anaphylactic-type reactions provoking
deaths in response to tick saliva, but only fish previously exposed
to tick saliva develop allergic reactions to red meat consumption
with rapid desensitization and tolerance. The immunity in
response to tick saliva and red meat consumption showed
tissue-specific differences and suggested immune mechanisms
triggering the AGS. Taken together, these results identified
allergic reactions and immune mechanisms in response to tick
saliva and red meat consumption and provided a new animal
model for the study of the AGS and other tick-borne allergies.

MATERIALS AND METHODS
Ethics Statement

Animal experiments were conducted in strict accordance with
the recommendations of the European Guide for the Care
and Use of Laboratory Animals. Animals were housed and
experiments conducted at experimental facility (IREC, Ciudad
Real, Spain) with the approval and supervision of the Ethics
Committee on Animal Experimentation of the University of
Castilla La Mancha (PR-2018-06-13) and the Counseling of
Agriculture, Environment and Rural Development of Castilla La
Mancha (ES130340000218).

Zebrafish

Wild-type adult (6-8 months old) AB male and female zebrafish
were kindly provided by Dr. Juan Galceran Séez from the
Instituto de Neurociencias (IN-CSIC-UMH, Sant Joan d’Alacant,
Alicante, Spain). These zebrafish were certified by Biosait Europe
S.L. (Barcelona, Spain; https://biosait.com) as free of major fish
pathogens such as Mycobacterium spp., Pseudoloma neurophilia,
Pseudocapillaria tomentosa, and zebrafish retroviruses. The
zebrafish were maintained in a flow-through water system at
27°C with a light-dark cycle of 14/10 h and fed twice daily with
dry fish feed. For bacterial microbiota studies, 15 freshwater
zebrafish adults were also included purchased from a pet store
in Ciudad Real, Spain, and used immediately for analysis in
the laboratory.

Zebrafish Feeds and Feeding

Zebrafish were fed before and throughout the experiment twice
daily at 9:30a.m. and 1:30 p.m. Before the beginning of the
experiment and up to day 2, all fish were fed with fish feed
(Premium food tropical fish, DAPC, Valladolid, Spain; 50-70
pg/fish). On day 2, each experimental group was divided into
two subgroups. One subgroup continued to be fed with fish feed
at the same regimen, and the second subgroup was fed with dog
food (Classic red, ACANA; Champion Petfoods LP, Edmonton,
Alberta, Canada; 150-200 pg/fish). The fish feed contains cereals,
fish and fish byproducts, soya, yeast, crustaceans, and algae. The
dog food is composed of lamb meat meal (23%), steel-cut oats
(22%), fresh ranch-raised beef (5%), fresh Yorkshire pork (5%),
lamb fat (5%), whole red lentils, whole green peas, whole green
lentils, raw grass-fed lamb (4%), whole oats, fresh beef liver (2%),
pork meat meal (2%), herring oil (2%), fresh pork liver (2%),
whole garbanzo beans, whole yellow peas, sun-cured alfalfa, lentil
fiber, fresh beef tripe (1%), dried brown kelp, fresh pumpkin,
fresh butternut squash, fresh parsnips, fresh green kale, fresh
spinach, fresh carrots, fresh Red Delicious apples, fresh Bartlett
pears, freeze-dried beef liver (0.1%), fresh cranberries, fresh
blueberries, chicory root, turmeric root, milk thistle, burdock
root, lavender, marshmallow root, and rosehips.

Tick Saliva and Salivary Biogenic
Components

Rhipicephalus sanguineus (Latreille 1806) female ticks were
collected in an animal shelter at Ciudad Real, Spain, while feeding
on naturally infested dogs. Ticks were collected at different
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feeding times for saliva collection as previously described but
using pilocarpine hydrochloride (Poole et al., 2013). Partially fed
ticks were inoculated with 5 WL of a 2% (wt/vol) solution of
pilocarpine hydrochloride in phosphate-buffered saline (PBS),
pH 7.4 (Sigma-Aldrich, St. Louis, MO, USA), into the hemocoel
using a 50-pL syringe with a 0.33-mm needle (Hamilton
Bonaduz AG, Bonaduz, Switzerland). Saliva was harvested using
a micropipette, kept on ice, pooled, and stored at —80°C. Saliva
protein concentration (1.96 jLg/mL) was determined using a BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA) following manufacturer’s reccommendations. Prostaglandin
E, was obtained from Sigma-Aldrich. The bovine serum
albumin (BSA) coated with a-Gal (thereafter named a-Gal) was
obtained from Dextra (NGP0203 Galal-3Gal-BSA 3 atom spacer;
Shinfield, UK).

Protein Extracts From Zebrafish Tissues
and Feeds, Human HL60 Cells, Pork

Kidney, and Tick Salivary Glands

Zebrafish, HL60 Cells, and Pork Kidney

Wild-type adult AB zebrafish (N = 5; three females and
two males) were dissected and muscle, liver/kidney, and
gut collected for protein extraction. Human promyelocytic
leukemia HL60 cells (ATCC CCL-240; a-Gal negative) were
cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum, 2mM L-glutamine, and
25mM HEPES buffer as previously described (de la Fuente
et al, 2005). Pork (Sus scrofa) kidney (1g; a-Gal positive)
was obtained from a slaughterhouse at Ciudad Real, Spain.
All samples were homogenized in lysis buffer (7M urea,
2 M thiourea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, CHAPS) supplemented with complete mini
protease inhibitor cocktail (Roche, Basel, Switzerland). Samples
were boiled for 2min, mixed in a thermocycler for 1h, and
sonicated for 1 min in an ultrasonic cooled bath followed by 10-
s vortex. After three cycles of sonication vortex, the homogenate
was centrifuged at 200 g for 5min at 4°C, and the supernatant
was quantified using an RC DC protein assay (BioRad, Hercules,
CA, USA) with BSA as standard. This methodology has been
previously shown to preserve the presence of the a-Gal epitope
in extracted proteins (Lima-Barbero et al., 2019).

Tick Salivary Glands, Dog Food, and Fish Feed
Salivary glands were dissected from unfed and partially fed R.
sanguineus female ticks and pooled for analysis (N = 10 per
pool). Dog food and fish feed were pooled (1 g per sample) for
analysis. Samples were pooled in 500 wL lysis buffer (PBS, 1%
Triton X-100) supplemented with complete protease inhibitor
mixture (Roche) and homogenized by passing through a needle
(27-gauge). Samples were sonicated for 1 min in an ultrasonic
cooled bath, followed by vortexing for 10s. After three cycles of
sonication vortex, total protein extracts were centrifuged at 200 g
for 5min to remove debris. The supernatants were collected, and
protein concentration was determined using the BCA Protein
Assay (Life Technologies, Carlsbad, CA) with BSA as standard
following the manufacturer’s recommendations.

Determination of «-Gal Content by

Enzyme-Linked Immunosorbent Assay

The o-Gal levels were determined by enzyme-linked
immunosorbent assay (ELISA) in zebrafish proteins from
different organs, R. sanguineus saliva and salivary gland proteins,
fish feed, and dog food in comparison with pork kidney (a-
Gal-positive control) and human HL60 cells (a-Gal-negative
control). Plates were coated with 100 ng proteins per well from
different samples in carbonate/bicarbonate buffer incubated
overnight at 4°C, following five washes with PBS containing
0.05% Tween 20 (PBST). Unspecific unions were blocked with
1% human serum albumin (HSA; Sigma-Aldrich) and the
a-Gal epitope monoclonal antibodies (M86; Enzo Life Sciences,
Farmingdale, NY, USA) were added at 1:50 dilution in PBS
and incubated for 1h at 37°C followed by five washes with
PBST. Finally, anti-mouse IgM (j-chain specific)-peroxidase
antibody produced in goat (Sigma-Aldrich) was added at 1:2,000
dilution in PBS. Reactions were visualized by adding 100 L of
3,3/,5,5-tetramethylbenzidine (TMB; Promega, Madison, WI,
USA) and incubated for 20 min in the dark at room temperature
(RT). The optical density (OD) was measured at 450 nm with
an ELISA reader. The average value of the blanks (wells without
sample proteins; N = 5) was subtracted from all reads, and the
average of nine replicates for each sample was used for analysis.
A calibration curve with 0.0 to 1.0 ng a-Gal and OD values
at 450 nm was constructed using Microsoft Excel for Mac (v.
16.26) to convert ELISA reader values to a-Gal content per
sample (R?> = 0.992; Supplementary Figure 5A). To further
validate the calibration curve, a correlation was constructed
between 0.0 to 3.5 ng a-Gal and 0.0 to 1.0 g tick salivary gland
proteins using Microsoft Excel for Mac (v. 16.26) (R? = 0.992;
Supplementary Figure 5B). The results (average £ SD of a-
Gal/1 g protein) were compared between samples and negative
or positive controls by Student t-test with unequal variance
(p < 0.05, N = 3-5 biological replicates).

Characterization of «-Gal-Positive

Bacteria Zebrafish Gut Microbiota

The study was performed using wild-type adult AB and pet
store adult female and male zebrafish (N = 5 for each fish
group; three females and two males). The microbiota was
sampled as previously described (Cantas et al., 2012). Briefly,
the ventral belly surface of freshly euthanized fish was opened
with sterilized micro-surgical blade and forceps under a light
source. The intestinal system was transferred to 1.5-mL tubes
containing 200 L sterile PBS. The intestines were homogenized
with a motorized pestle, and disposable plastic loops were
used to streak on 5% chicken (a-Gal negative) (Parmentier
et al, 2008) blood agar (Rockland Immunochemicals Inc.,
Pottstown, PA, USA) and tryptic soy agar (Sigma-Aldrich)
bacteriological plates for isolation of aerobic and anaerobic
bacteria, respectively, following four serial dilutions. The plates
were incubated at 28°C and followed by inspections every day for
up to 1 week. Bacterial colonies were morphologically classified
as aerobic types I (circular, pink, raised punctiform colonies),
II (circular, diameter <5mm, creamy white, raised colonies),
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II (irregular, dry white, flat colonies), and anaerobic types
Ib (circular, diameter <5mm, creamy white, raised colonies)
and IIb (circular, white, raised, punctiform colonies). Bacteria
isolated from the zebrafish gut microbiota were washed in
PBS, fixed, and permeabilized with the Intracell fixation and
permeabilization kit (Immunostep, Salamanca, Spain) following
manufacturer recommendations. The cells were incubated with
3% HSA (Sigma-Aldrich) in PBS for 1h at RT. Then, cells
were incubated for 14 h at 4°C with the anti—a-Gal monoclonal
antibody (M86; Enzo Life Sciences) diluted 1:50 in 3% HSA/PBS.
Fluorescein isothiocyanate (FITC) goat anti-mouse IgM (Abcam,
Cambridge, UK)-labeled antibody diluted 1:200 in 3% HSA/PBS
was used as a secondary antibody and incubated for 1h at RT.
The Escherichia coli O86:B7 (ATCC 12701) and BL21 (DE3)
cells were included as positive and negative a-Gal controls,
respectively (Cabezas-Cruz et al., 2017c). Samples were analyzed
on a FACScalibur flow cytometer equipped with CellQuest
Pro software (BD BioSciences, Madrid, Spain). The viable cell
population was gated according to forward-scatter and side-
scatter parameters. The mean fluorescence intensity (MFI)
was determined by flow cytometry, and the geometric mean
compared between aerobic and anaerobic bacteria by Student -
test with unequal variance (p = 0.05, N = 5 biological replicates).

Zebrafish Treatment With Tick Saliva and

Salivary Biogenic Components

The first trial (Experiment 1) was designed and performed to
evaluate the allergic reactions and immune response in zebrafish
treated with tick saliva and salivary components and in response
to red meat consumption (Figure3A). Adult zebrafish were
randomly distributed into five gender-balanced groups (tick
saliva, a-Gal, PGE,, a-Gal + PGE,, PBS) (Figure 3A, Table 1).
Fish were intramuscularly injected at days 1, 3, and 8 with a
Monoject insulin syringe fitted with a 1-cm, 29-gauge needle at
the muscle close to the caudal fin with 2.5 WL R. sanguineus
saliva in 10 wL PBS (tick saliva), 5 pg a-Gal in 10 wL PBS (a-
Gal), 350 pg PGE; in 10 L PBS (PGE,), 5 pg a-Gal and 350 pg
PGE, in 10 L PBS (a-Gal + PGE,), and 10 pL PBS (PBS). On
day 2, each experimental group was randomly divided into two
subgroups allocated in two separate water tanks and continued
to be fed with fish feed or changed to dog food until the end of
the experiment at day 14 when all surviving fish were euthanized
(Figure 3A, Table1). Zebrafish local allergic reactions and
behavior were examined immediately after treatment or feed
change and followed daily until the end of the experiment at
day 14. After fish death or euthanize, serum was collected from
each animal to determine anti-o-Gal and antitick salivary gland
protein IgM antibody titers. Fish were then divided into two
longitudinal halves. One-half was used to dissect intestine and
kidney for RNA extraction to characterize the mRNA levels
for selected immune response markers-correlates of allergy.
The second half was used for histochemical characterization of
local basophils. Accumulated zebrafish survival was analyzed
by a Cox proportional survival regression test (http://statpages.
info/prophaz.html) (p = 0.05; N = 7-9 biological replicates).
Accumulated zebrafish allergy was analyzed by a one-way

analysis of variance (ANOVA) test (https://www.socscistatistics.
com/tests/anova/default2.aspx) (p = 0.05; N = 7-9 biological
replicates). The risk of allergic reactions was analyzed in female
and male zebrafish by McNemar test (https://www.graphpad.
com/quickcalcs/McNemarl.cfm) (p = 0.05; N = 7-9).

A second trial (Experiment 2) was conducted with 10
zebrafish per group and treated with tick saliva and PBS control
(Figure 3B). Experiment 2 was conducted to inject fish with less
amount of tick saliva than in Experiment 1 (1 pL instead of
2.5 uL R. sanguineus saliva) to reduce response to toxic and
anticoagulant biogenic compounds different from o-Gal and
PGE, present in tick saliva and to better monitor the incidence
of allergic reactions, abnormal behavior patterns, and feeding
during the experiment. As in Experiment 1, adult zebrafish
were randomly distributed into two gender-balanced groups (tick
saliva PBS) (Figure 3B). Fish were intramuscularly injected at
days 1, 3, and 8 as in Experiment 1 with 1 wL R. sanguineus saliva
in 10 wL PBS (tick saliva) and 10 WL PBS (PBS) as control. On
day 2, each experimental group was randomly divided into two
subgroups (N = 5 each) allocated in two separate water tanks
and continued to be fed with fish feed or changed to dog food
until the end of the experiment at day 10 when all surviving fish
were euthanized (Figure 3B). Zebrafish local allergic reactions
and behavior were examined immediately after treatment or feed
change and followed daily until the end of the experiment at day
10. After fish were euthanized, serum was collected from each
animal to determine anti-o-Gal IgM antibody titers. The percent
of zebrafish affected by allergic reactions and abnormal behavior
and feeding on each group fed with fish feed or dog food was
compare between saliva-treated and PBS-treated control fish by
a one-way ANOVA test (https://www.socscistatistics.com/tests/
anova/default2.aspx) (p = 0.05; N = 4-5 biological replicates).

Anti-o-Gal IgM Antibody Titers in Zebrafish
For ELISA, high-absorption-capacity polystyrene microtiter
plates were coated with 100 ng of a-Gal per well in carbonate-
bicarbonate buffer (Sigma-Aldrich). After an overnight
incubation at 4°C, coated plates were washed one time
with 100 pL/well PBST (Sigma-Aldrich) and then blocked
with 100 pL/well of 1% HSA (Sigma-Aldrich) for 1h at RT.
Serum peritoneal fluid samples were diluted (1:100, vol/vol) in
blocking solution, and 100 pL/well was added into the wells of
the antigen-coated plates and incubated for 1.5h at 37°C. Plates
were washed three times with PBST, and 100 pwL/well of species-
specific rabbit anti-zebrafish IgM antibodies diluted (1:1,000,
vol/vol) in blocking solution was added and incubated for 1h at
RT. Plates were washed three times with 300 wL/well of PBST.
A goat anti-rabbit IgG-peroxidase conjugate (Sigma-Aldrich)
was added, diluted 1:3,000 in blocking solution, and incubated
for 1h at RT. After four washes with 100 pL/well of PBST, 100
wL/well of TMB (Promega) was added and incubated for 15 min
at RT. Finally, the reaction was stopped with 50 wL/well of 2N
H,S04, and the OD was measured in a spectrophotometer at
450 nm. The OD at 450 nm was compared between fish treated
with saliva, a-Gal, PGE,, or a-Gal + PGE,, and the PBS-
treated control group by Student t test with unequal variance
(p =0.005; N = 7-9). A Spearman p correlation analysis (https://
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www.socscistatistics.com/tests/spearman/Default2.aspx) was
performed between anti-a-Gal IgM antibody levels and allergic
reactions to tick saliva rated as 10 for fish with allergic reactions
and death (AD), 8 for fish with allergic reactions only (A), and 0
for fish without reactions (NR), p = 0.179, two-tailed p = 0.283.

Anti-tick Salivary Gland Proteins IgM
Antibody Titers in Zebrafish

Proteins were extracted from R. sanguineus salivary glands
as described above. For ELISA, high-absorption-capacity
polystyrene microtiter plates were coated with 100 ng of protein
extracts of salivary glands per well in carbonate-bicarbonate
buffer (Sigma-Aldrich). After an overnight incubation at 4°C,
coated plates were washed one time with 100 wL/well PBST
(Sigma-Aldrich) and then blocked with 100 L /well of 2% BSA
(Sigma-Aldrich) for 1h at RT. Serum peritoneal fluid samples
were diluted (1:100, vol/vol) in blocking solution, and 100
pL/well was added into the wells of the antigen-coated plates and
incubated for 1.5h at 37°C. Plates were washed three times with
PBST and 100 pL/well of species-specific rabbit anti-zebrafish
IgM antibodies diluted (1:2,000, vol/vol) in blocking solution
were added and incubated for 1h at RT. Plates were washed
three times with 100 pL/well of PBST. A goat anti-rabbit
IgG-horseradish peroxidase conjugate (Sigma-Aldrich) was
added diluted 1:3,000 in blocking solution and incubated for 1h
at RT. After four washes with 100 pL/well of PBST, 100 pL/well
of TMB solution (Promega) was added and incubated for 10 min
at RT. Finally, the reaction was stopped with 50 pwL/well of 2N
H,SO4 and the OD measured in a spectrophotometer at 450 nm.
A Student t-test with unequal variance was used to compare
the OD at 450 nm of IgM antibody titers against tick salivary
gland proteins between fish treated with saliva, a-Gal, PGE,, or
a-Gal + PGE,, and the PBS-treated control group (p = 0.05;
N = 7-9) and between zebrafish fed with fish feed or dog food
(p=0.05; N = 3-6).

Expression of Selected Immune Response
Markers by Quantitative Reverse

Transcription—-Polymerase Chain Reaction

Total RNA was extracted from zebrafish intestine and kidney
samples using the AllPrep DNA/RNA/Protein (Qiagen, Hilden,
Germany). The expression of selected zebrafish immune response
and food allergy markers (Lu et al., 2008; Huang et al., 2018)
akirin 2 (akr2), complement component c3a (c3a), interleukin
I-beta (illb), interleukin 4 (il4), nuclear factor interleukin 3
regulated (nfil3), Toll-like receptor 4b (tlr4b), interferon-induced
GTP-binding protein MxA (mxa), interferon (ifn), and MYD88
innate immune signal transduction adaptor (myd88) was analyzed
by quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) with gene-specific primers (Supplementary Table 1)
using the KAPA SYBR FAST one-step universal kit (Sigma-
Aldrich) in the Rotor-Gene Q (Qiagen) thermocycler following
manufacturer’s recommendations. A dissociation curve was run
at the end of the reactions to ensure that only one amplicon
was formed and that the amplicon denatured consistently in the
same temperature range for every sample (Ririe et al., 1997). The

mRNA Ct values were normalized against D. rerio glyceraldehyde-
3-phosphate dehydrogenase (gapdh) using the genNormddCT
method (Livak and Schmittgen, 2001). The normalized Ct values
were compared between fish treated with saliva, a-Gal, PGE,, or
a-Gal + PGE,, and the PBS-treated control group and between
fish treated with saliva presenting anaphylactic-type reactions
and dead on day 2 and fish without reactions by Student ¢-test
with unequal variance (p = 0.005; N = 3-6).

Histochemistry of Local Granulocytes in
Zebrafish

Euthanized fish at day 14 were sagittal sectioned and then
immediately fixed in 10% neutral buffered formalin for 24 h at
21°C, dehydrated in a graded series of ethanol, immersed in xylol,
and embedded in paraffin wax using an automatic processor.
Sections were cut at 4mm and stained with hematoxylin and
eosin (Sigma-Aldrich) following manufacturer’s instructions and
standard procedures (Bennett et al., 2001). Stained tissue sections
were examined by light microscopy to count granulocytes (three
sections of 40 mm? each per fish) and photographed at 40x and
100x magnifications. The average counts of granulocytes were
compared between fish treated with tick saliva, a-Gal, or PGE,
a-Gal + PGE,, and PBS-treated controls and between fish fed on
dog food or fish feed for each treatment by Student t-test with
unequal variance (p = 0.05; N = 3-6).

RESULTS

Zebrafish Do Not Produce «-Gal and Have
Natural Anti-«-Gal Antibodies in Response

to Bacteria in the Gut Microbiota

This study was designed to evaluate the allergic reactions
and immunity in response to tick saliva and salivary biogenic
substances such as a-Gal and PEG; and red meat consumption
in the zebrafish model.

Herein we first characterized the a-Gal content in fish tissues
(Figure 1A). The results showed that only zebrafish gut had a-
Gal levels higher than the human HL60 a-Gal-negative control
cells, and all zebrafish tissues had significantly lower o-Gal
levels than the pork kidney a-Gal-positive control (Figure 1A).
Then, the presence of a-Gal was characterized in bacteria from
the gut microbiota of laboratory wild-type AB and pet store
zebrafish (Figures 1B-D). Identified anaerobic and aerobic gut
bacteria had o-Gal levels higher than the E. coli—negative and—
positive controls (Figure 1B), with higher levels in aerobic than
in anaerobic bacteria (Figure 1C). A total of five morphologically
different bacterial colonies were isolated in both fish groups
with a-Gal content higher than the E. coli-negative control
(Figure 1D). These results were similar to those described in
humans (Galili, 2018) and suggested that natural anti-o-Gal IgM
antibody levels in untreated zebrafish are produced in response
to gut bacterial microbiota (PBS-treated group; Figure 2A).

Additionally, zebrafish treated with tick saliva, a-Gal, and
a-Gal+PGE; developed IgM antibodies against o-Gal that
showed higher levels than in fish treated with PGE; or PBS
(Figure 2A). Zebrafish treated with tick saliva, a-Gal, PGE;, and
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FIGURE 1 | The a-Gal content is similar in humans and zebrafish. The a-Gal content was determined in zebrafish tissues and gut bacterial microbiota and in R.
sanguineus salivary glands. (A) The a-Gal levels were determined by ELISA in zebrafish muscle, liver/kidney, and gut and in comparison with pork kidney (a-Gal
positive) and human HLB0 cells (a-Gal negative) as positive and negative controls, respectively. The results were converted to a-Gal content per sample using a
calibration curve (R? = 0.992; Supplementary Figure 5A) and compared between all samples and negative (ines) or positive (‘p < 1E-8) controls by Student t-test
with unequal variance (p < 0.05, N = 5 biological replicates). (B) Flow cytometry showing the presence of a-Gal on the surface of aerobic and anaerobic bacteria
isolated from zebrafish gut microbiota. Escherichia coli O86:B7 and BL21 (DE3) strains were included as positive and negative controls for a-Gal, respectively. For flow
cytometry, cells were stained with Bandeiraea simplicifolia I-isolectin B4-FITC to visualize a-Gal, and the viable cell population was gated according to forward-scatter
and side-scatter parameters. (C) The MFI was determined by flow cytometry, and the geometric mean + SD compared between aerobic and anaerobic bacteria by
Student t-test with unequal variance (p = 0.05, N = 5 biological replicates). (D) Distribution of the MFI among aerobic and anaerobic type bacteria in wild-type AB and
pet store zebrafish and in comparison with E. coli 086:B7 and BL21 (DE3)-positive and —negative controls for a-Gal, respectively. The results (average + SD) were
compared between all samples and negative control by Student ¢-test with unequal variance (‘o < 0.05, N = 5 biological replicates).

a-Gal4-PGE; but not PBS also developed IgM antibodies against
proteins present in tick salivary glands (Figure 2B). Salivary
gland proteins in both unfed and partially fed ticks and in tick
saliva showed the presence of a-Gal (Figure 2C), thus suggesting
that R. sanguineus synthesize o-Gal and explaining the anti-
a-Gal IgM antibody titers in zebrafish treated with tick saliva
(Figure 2A). As expected, because of the presence of PGE; in tick
saliva and salivary glands, zebrafish treated with PGE,; developed
antibodies against salivary gland proteins (Figure 2B) but not
against o-Gal (Figure 2A). Finally, a tendency was observed
toward higher IgM titers against tick salivary gland proteins in
fish fed with dog food when compared to those fed with fish feed
(Supplementary Figure 1).

Taken together, these results evidenced similarities in o-
Gal content and anti-a-Gal antibody response in zebrafish and
humans, suggesting that zebrafish may be evaluated like an

animal model for the study of tick-borne allergies produced by
salivary biogenic components.

Zebrafish Develop Hemorrhagic
Anaphylactic-Type Reactions and
Abnormal Behavior Patterns in Response
to Tick Saliva

The study was designed with two experiments to characterize
the allergic response in zebrafish exposed to tick saliva
and salivary biogenic components such as a-Gal and PGE,
(Figures 3A,B). In Experiment 1 (Figure 3A), zebrafish were
injected with 2.5 pL tick saliva and biogenic substances o-
Gal and PGE; to evaluate the allergic reactions and immune
response in fish feeding on fish feed or dog food. Experiment
2 (Figure 3B) was then conducted to inject fish with less
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tick saliva than in Experiment 1 (1 pL instead of 2.5 pL R.
sanguineus saliva) to reduce responses to toxic and anticoagulant
biogenic compounds different from «-Gal and PGE, present
in tick saliva and to better monitor the incidence of allergic
reactions, abnormal behavior patterns, and feeding during
the experiment.

In Experiment 1, the results showed that the incidence of
allergic reactions was statistically significant in zebrafish treated
with tick saliva (six animals; 66%) but not in fish treated with a-
Gal, PGE;, a-Gal 4+ PGE,, and PBS (Figure 4A, Table 1). In three
animals treated with tick saliva (33%) and before food change,
these reactions resulted in death that significantly affected fish
survival rate (Figure4B, Table 1). Although not statistically
significant, one fish treated with a-Gal + PGE; also developed
allergy and died at day 1 (Figures 4A-C, Table 1). The results
showed that zebrafish response to tick saliva was characterized
by hemorrhagic anaphylactic-type reactions appearing 3 to 5h
posttreatment (hpt) with hemorrhage affecting various organs
(Figure 4D). Although allergy was more prevalent in female
than male zebrafish, the analysis by McNemar test of the risk of
developing allergic reactions in response to tick saliva did not
show a significant association in female (p = 0.07) and male
(p = 1.00) zebrafish.

Abnormal behavior patterns in Experiment 1 consisted of
low mobility, permanence at the bottom of the water tank,
and zigzag-type swimming (Supplementary Figures 2A-F). Low
mobility and permanence at the bottom of the water tank
were shown in three zebrafish injected with tick saliva
(Supplementary Figure 2A), one zebrafish injected with a-Gal
(Supplementary Figure 2C), and one zebrafish injected with
a-Gal + PGE, (Supplementary Figure 2E). Normal behavior
patterns were seen in all zebrafish injected with PGE; and PBS
(Supplementary Figures 2D,F).

These results provided evidence to support that zebrafish
develop delayed hemorrhagic anaphylactic-type reactions
affecting survival and behavior in response to tick saliva.

Zebrafish Develop Allergic Reactions and
Abnormal Behavior Patterns in Response
to Red Meat Consumption After Exposure
to Tick Saliva

The results of the Experiment 1 (Figure3A) showed that
zebrafish develop delayed hemorrhagic anaphylactic-type
reactions and abnormal behavior patterns primarily in response
to tick saliva resulting in deaths for 33% of the animals
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FIGURE 3 | Experimental design. Experiments were designed and performed to evaluate the allergic reactions and immune response in zebrafish treated with tick
saliva and salivary components and in response to red meat consumption. (A) In Experiment 1, zebrafish were injected with 2.5 L tick saliva and biogenic
substances a-Gal and PGE; to evaluate the allergic reactions and immune response in fish feeding on fish feed or dog food. Serum and tissue samples were collected
to determine anti—a-Gal IgM response, intestine and kidney for gRT-PCR analysis of immune response markers, and half fish for histochemical characterization of local
granulocytes. (B) Experiment 2 was conducted to inject fish with less amount of tick saliva than in Experiment 1 (1 pL instead of 2.5 pL R. sanguineus saliva) to
reduce response to toxic and anticoagulant biogenic compounds different from a-Gal and PGE; present in tick saliva and to better monitor the incidence of allergic
reactions, abnormal behavior patterns, and feeding during the experiment. Zebrafish local allergic reactions and behavior were examined immediately after treatment
or feed change and followed daily until the end of the experiment at day 14 (Experiment 1) or day 10 (Experiment 2). Fish and tick representative images are shown.

Experiment 2

Days1,3and8

Saliva (N = 10)
e — o -
—~ — “R. sanguineus saliva

Control (N = 10)

Euthanize all surviving fish

PBS control

Day 2

Include fish dying from
allergic reactions during
the trial

Day 10

Euthanize all fish and collect
serum to determine
anti-o-Gal IgM response

Collection of serum and
tissue samples

(Figures 5A,B). However, anaphylaxis to consumption of red
meat with high a-Gal content is one of the symptoms of the AGS.

To address this sign of the AGS, zebrafish on each treatment
group in Experiment 1 and without reactions in response to
first treatment with tick saliva on day 1 were split into two
subgroups on day 2 (Figures 3A, 5A, Table 1). One subgroup
continued to feed on fish feed without a-Gal, whereas the other
was fed with dog food containing a-Gal (Figure 6A), and both
were treated again with tick saliva on day 3 (Figures 3A, 5A,
Table 1). All zebrafish feeding on fish feed did not develop
any visible reaction to tick saliva injected on day 3 (Figure 5A,
Table 1). However, zebrafish fed with dog food and treated with
tick saliva on day 3 did develop delayed (3-5 hpt) hemorrhagic
anaphylactic-type reactions that lasted for 48 h (Figures 5A,B,
Table 1). An abnormal zig-zag type swimming was also observed
at day 3 in fish No. 14-8 injected with tick saliva and fed with
dog food (Supplementary Figures 2B, 3). These fish recovered
from allergic reactions after 48h and as animals fed on fish
feed did not develop any reactions when treated again with

tick saliva on day 8 (Figure5A). Although a tendency was
observed toward a positive correlation between allergic reactions
to tick saliva and anti-a-Gal IgM antibody levels, the correlation
was not significant (Figure 6B). However, all fish developing
anaphylactic-type reactions had IgM antibody levels higher than
0.6 OD at 450 nm (Figure 5C).

To gain additional information on the zebrafish allergic
reactions and abnormal behavior patterns in response to red
meat consumption after exposure to tick saliva, Experiment 2 was
conducted (Figure 3B). One fish died on each group on day 5
but for reasons not related to the treatments. Although fish were
injected with less tick saliva than in Experiment 1, the anti-a-
Gal IgM antibody levels were higher than in PBS-treated controls
(Figure 7A). Furthermore, in fish treated with tick saliva but not
in controls, the anti-a-Gal IgM antibody levels were higher in
fish fed on dog food than in those fed with fish feed (Figure 7A).
The analysis of the fish affected by hemorrhagic-type allergic
reactions and abnormal behavior and feeding showed that the
percentage of affected fish with allergic reactions was higher
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in saliva-treated than in PBS-treated controls fed with either
fish or dog food (Figure 7B). However, these reactions appeared
after third treatment with tick saliva only in fish fed on dog
food (Figure 7B). Abnormal behavior patterns and feeding were
higher in saliva-treated fish than in controls only when feeding
on dog food (Figure 7B).

These results showed that zebrafish treated with tick saliva
develop hemorrhagic-type allergic reactions with abnormal
behavior patterns with higher incidence in fish fed with o-Gal-
positive dog food than with a-Gal-negative fish feed. Once
recovered from allergic reactions, fish continuing feeding on dog
food became tolerant to tick saliva. A risk factor associated with
anti-a-Gal IgM antibody levels was also identified.

Allergic Reactions to Tick Saliva and Red
Meat Consumption in Zebrafish Are
Associated With Different Tissue-Specific

Immune Response Mechanisms

The expressions of selected immune response and food allergy
markers were characterized in Experiment 1 using the kidney
and intestine involved in both innate and adaptive fish immunity.

Different immune responses were observed in zebrafish kidney
and intestine and between fish fed on dog food and fish feed
(Figures 8A,B). In the kidney of zebrafish fed on dog food but
not on fish feed, except for c3a, all genes were downregulated
in response to tick saliva when compared to PBS-treated
controls (Figures 8A,B). However, in the intestine of fish fed
on dog food all genes except for myd88, akr2, and illb were
upregulated in response to tick saliva but not to other treatments
(Figures 8A,B). In response to a-Gal or PGE; but not to the
combined a-Gal + PGE,, various genes were downregulated in
the kidney of zebrafish fed on dog food (Figures 8A,B). Minor
or no changes in gene expression were observed in the kidney
and intestine of fish fed on fish feed and treated with tick saliva,
a-Gal, PGE;, or a-Gal + PGE, when compared to PBS controls
(Figures 8A,B).

The analysis of granulocytes in zebrafish tissue sections
collected in Experiment 1 identified the presence of
these cells mainly in the skeletal muscle (Figure9A and
Supplementary Figure 4). The results showed a higher
number (p = 0.00000002) of granulocytes and granulocyte
agglomerations in zebrafish treated with tick saliva (8.8 +
0.8) when compared to fish treated with a-Gal (2.7 £ 0.8),
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FIGURE 5 | Zebrafish injected with tick saliva and fed with red meat develop hemorrhagic anaphylactic-type reactions and desensitization (Experiment 1). (A) In the
zebrafish model, 33% of animals treated with tick saliva on day 1 developed hemorrhagic anaphylactic-type allergic reactions 3-5 hpt and died. Furthermore, 100% of
fish fed with dog food, but none of the fish that continued feeding on fish feed at day 2, developed allergy to tick saliva injected on day 3. Once recovered from
anaphylactic-type reactions, all fish were desensitized and became tolerant to tick saliva injected on day 8. (B) Signs of hemorrhagic anaphylactic-type reactions in
zebrafish No. 26-1, 26-2, and 26-3 injected with tick saliva and dying at day 2 before food change. After food change, only fish No. 14-7, 14-8, and 14-9 feeding on
dog food developed anaphylactic-type reactions. Asterisks in red connect representative fish images in (A) with results in (B).

PGE, (3.2 £ 08), a-Gal + PGE, (32 + 1.0), or PBS
(23 £ 0.6) (Figures9A,B, Supplementary Figure4). No
differences were observed between fish fed on fish feed or
dog food for each treatment (Supplementary Figure4). At
a higher magnification, the structure of the granulocytes
showed characteristics of fish basophils/eosinophils such
as a highly granular cytoplasm with large and spherical
granules (Figure 9C).

Finally, of the selected zebrafish immune response and food
allergy markers, only the expression of il1b was significantly
higher in the intestine of zebrafish treated with tick saliva
and presenting anaphylactic-type reactions and death when
compared to fish without reactions on day 2 (Figure 9D).

These results suggested that tick salivary biogenic components
different from or in combination with a-Gal and PGE, are
essential for the modulation of zebrafish immune response to tick
saliva and red meat consumption in both kidney and intestine but
affecting different tissue-specific mechanisms. The results also
suggested a role for basophils/eosinophils in zebrafish response
to tick saliva.

DISCUSSION

Tick saliva contains biogenic substances including proteins,
lipids, and other biomolecules such as PGE, and a-Gal that
modulate multiple biological processes affecting ectoparasite
feeding and pathogen infection and transmission (Oliveira et al.,
2011; Poole et al., 2013; Chmelar et al., 2019). These molecules
may also affect host immune response leading to allergic diseases
such as the AGS (Araujo et al., 2016; Cabezas-Cruz et al., 2017c,
2019; Chandrasekhar et al.,, 2019; Hilger et al.,, 2019). In this
study, we focused on the brown dog tick R. sanguineus based
on the worldwide distribution of this tick species as a major dog
ectoparasite, the risk it poses for urban populations, its role in
the transmission of pathogens such as Rickettsia rickettsii causing
Rocky Mountain spotted fever and the cause of anaphylactic
reactions to tick bite, and its phylogenetically close relationship
with tick species such as Rhipicephalus bursa and Rhipicephalus
microplus previously shown to contain a-Gal-modified proteins
(Valls et al., 2007; Uspensky, 2014; de la Fuente et al., 2017;
Mateos-Herndndez et al., 2017).
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Humans evolved with the inactivation of the a1,3-GalT gene,
which resulted in the recognition of the carbohydrate a-Gal as a
non-self-antigen, thus inducing the production of high antibody
titers against this molecule (Galili, 2018). This evolutionary trait
benefits humans by providing immunity to pathogens containing
a-Gal in the surface while increasing the risks of developing
the AGS triggered by the IgE antibody response against -
Gal present in glycoproteins and glycolipids from tick saliva
and tissues of non-catarrhine mammals (Commins et al., 2009;
Van Nunen et al., 2009; Platts-Mills et al., 2015; Steinke et al.,
2015; Galili, 2018; Cabezas-Cruz et al., 2019; de la Fuente et al.,
2019; Hilger et al., 2019; Romén-Carrasco et al, 2019; Park
et al,, 2020). The AGS is characterized by delayed anaphylaxis
to red meat consumption and immediate anaphylaxis to tick
bites, xenotransplantation, and certain drugs such as cetuximab
(Mateos-Hernandez et al.,, 2017; Hilger et al.,, 2019). Despite
recent advances in the study of the AGS (Commins et al., 2009;
Van Nunen et al., 2009; Platts-Mills et al., 2015; Steinke et al.,
2015; Mateos-Hernandez et al., 2017; Galili, 2018; Cabezas-Cruz
et al., 2019; de la Fuente et al., 2019; Hilger et al,, 2019), the

immune-mediated mechanisms induced by tick bites and leading
to the AGS have been only partially characterized in a1,3-GalT-
KO mice (Araujo et al., 2016; Chandrasekhar et al., 2019). The
development of new animal models for tick-borne allergies such
as the AGS would contribute to these studies.

Considering that zebrafish are evolutionarily naive to
tick saliva as they are not naturally exposed to ticks, the
observed allergic hemorrhagic anaphylactic-type reactions and
abnormal behavior patterns may occur in response to toxic
and anticoagulant biogenic compounds different from a-Gal
and PGE; present in tick saliva (Francischetti et al., 2009;
Aleman and Wolberg, 2013; Mihara, 2017; Stringer et al,
2017; Haddad et al., 2018). For example, although uncommon,
episodic hemorrhage has been described in humans during
honeybee venom anaphylaxis (Mingomataj and Bakiri, 2012).
This episodic hemorrhage has been associated with honeybee
venom components that interfere with complement cleavage
and bradykinin release, thus affecting coagulation, thrombolysis,
hemolysis, and smooth muscle tone. Additionally, infestations by
sea lice of the family Caligidae such as Lepeophtheirus and Caligus
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FIGURE 7 | Zebrafish injected with tick saliva and fed with red meat develop allergic reactions and abnormal behavior and feeding patterns (Experiment 2). (A) The
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compared between saliva-treated and PBS-treated control fish by a one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx) (o = 0.05;

species affect fish behavior and cause abrasion-like lesions at their
attachment and feeding sites by changing mucus consistency and
damaging the epithelium, which results in loss of blood and fluids
and cortisol release (Fast, 2014; @verli et al., 2014). Some species
of fish will spend more time lying on the bottom of the tank when
they become stressed, which will also reduce eating (Kalueff et al.,
2013). Zigzagging is also a behavior associated with fish stress
(Kalueff et al., 2013).

Anaphylactic-type reactions have been previously described
in channel catfish (Ictalurus punctatus Refinesque) and goldfish
(Carassius auratus L.) following immunization and challenge
with solubilized protozoa (Tetrahymena pyriformis) and human
serum proteins, respectively, but not when challenged with
the heterologous BSA antigen (Goven et al, 1980). The
fishes sensitized and challenged with homologous antigens
showed abnormal behavior patterns consisting of disorientation,
breading problems, and increased defecation. Severe respiratory
distress resulted in 33% death of treated catfish. The authors
concluded that type I hypersensitivity reactions were the cause of

observed anaphylaxis, a mechanism currently defined as type 2T
helper (Ty2) immunity that has been proposed to be associated
with the AGS (Wilson et al., 2017; Cabezas-Cruz et al., 2019;
Chandrasekhar et al,, 2019). In our study, the potential role of
BSA present in in the a-Gal-coated particles in the observed
allergic reactions when administered to zebrafish was discarded
because as previously described (Goven et al., 1980), fish were not
previously exposed to BSA, and BSA was likely not present in the
tick saliva. Although fish were intramuscularly injected with tick
salivary biogenic substances, part of the injected liquid remained
subcutaneous, which would better resemble tick bites.

The effect of red meat consumption in the form of dog food
containing a-Gal in zebrafish previously treated with tick saliva
and normally fed with fish feed free of a-Gal is relevant for the
study of the AGS. Dog feed was used because it contains fish-
and plant-derived components also present in fish food, and it is
registered for animal use. Both fish feed and dog food contained
plant-derived compounds together for either fish or animal (red
meat) products, thus making it difficult to assign the observed
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reactions to other compounds present in dog food. We did not
add a-Gal to fish feed because it is possible that the immune
response to a-Gal depends on the way this molecule is presented
on proteins or lipids and not only the carbohydrate by itself. For
still unknown reasons and despite identified risk factors such as
gender, pollen allergy, bronchial asthma, pet keeping, age, blood
group, and lifestyle (Cabezas-Cruz et al.,, 2017a,b, 2019), only a
fraction of the humans exposed to tick bites develop the AGS,
and cases of mammalian meat desensitization have been recently
reported (Yucel et al., 2019). Despite the limitations associated
with the low number of fish included on each treatment, in the
zebrafish model 33% (Experiment 1) and 20% (Experiment 2) of
the animals treated with tick saliva developed allergic reactions
with no reactions in control fish. However, when fed with dog
food, 100% of the animals in both experiments presented allergic
reactions including abnormal behavior or feeding after treatment
with tick saliva. Furthermore, once recovered from anaphylactic-
type reactions, fish became tolerant to tick saliva by still unknown
mechanisms. Differences in the presentations of allergic reactions

between Experiments 1 and 2 may be due to the amount of
tick saliva injected in fish (2.5 pL in Experiment 1 vs. 1 pL
in Experiment 2). These results suggested a role for red meat
consumption in the allergic reactions to tick saliva in zebrafish
and in a rapid desensitization process to become tolerant to
tick saliva.

In humans, anti-a-Gal IgE antibody levels (>0.35 kU/L) have
been identified like a risk factor for the development of the
AGS (Commins et al,, 2009; Van Nunen et al., 2009; Platts-
Mills et al., 2015; Steinke et al., 2015; Galili, 2018; Cabezas-
Cruz et al,, 2019; de la Fuente et al., 2019; Hilger et al., 2019).
Recently and albeit that cofactors are influential in the expression
of mammalian meat allergy (Platts-Mills et al., 2020), Mabelane
et al. (2018) reported that anti-a-Gal IgE antibody levels higher
than 5.5 KU/L are an indicator of AGS with 95% confidence.
Herein we showed that zebrafish as humans do not synthesize a-
Gal and produce natural anti-a-Gal IgM antibodies in response
to gut bacterial microbiota. However, in zebrafish, a significant
correlation was not observed between anti-a-Gal IgM antibody
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only detected in zebrafish treated with tick saliva. Magnification x40. (C) Selected images for identified granulocytes showing characteristics of basophils/eosinophils.
Magnification x100. (D) The expression of selected immune response and food allergy markers was analyzed by qRT-PCR in the kidney and intestine of zebrafish
treated with saliva and presenting anaphylactic-type reactions and death on day 2, and fish without reactions and normalized mRNA Ct values (average + SD) were
compared by Student t-test with unequal variance (p < 0.05; N = 3-6). Only il1b gene in the intestine showed significant differences.
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levels and allergic reactions to tick saliva, but IgM antibody
levels higher than 0.6 OD at 450 nm were identified as a risk
factor for developing anaphylactic-type reactions to tick saliva
and red meat consumption. Nevertheless, these results may be
affected by the fact that the antibody levels in zebrafish dying
from anaphylactic-type reactions were determined on day 2 after
a single treatment with tick saliva, whereas most fish were treated
three times and sera collected on day 14 for analysis.

To identify the possible immune mechanisms associated with
allergic reactions observed in zebrafish in response to tick
saliva and red meat consumption, selected immune response
and food allergy markers involved in Tyl and Ty2 cell-
mediated responses (Lu et al., 2008; Huang et al., 2018) were
characterized in the kidney and intestine involved in both

innate and adaptive fish immunity (Liu et al., 2015; Brugman,
2016; Martins et al, 2019). The CD4% T cells or T helper
cells develop into Tyl and Ty2 cells (Figure 10A). While type
1T helper (Tyl) cells produce interferon (IFN), interelukin
1 (IL-1), and Mxa, among other proteins, for cell-mediated
immunity and macrophage-dependent protective responses, Ty2
cells produce IL-1, IL-4, and other cytokines to induce antibody-
mediated adaptive immune response and inhibition of several
macrophage functions (Romagnani, 1999). Other cytokines such
as IL-3 and regulated factors (NFIL-3) are produced by both
Tyl and T2 cells (Romagnani, 1999). Additionally, Ty1 cells
are involved in the pathogenesis of organ-specific autoimmune
disorders, whereas Tp2 mediates allergen-specific responses
(Romagnani, 1999).
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In humans, the AGS has been proposed to be associated with
tick saliva-induced inhibition of Ty 1-induced production of IL-
1, basophil-mediated production of IL-4, decrease in Ty1/Ty2
ratio, and PGE;-induced antibody class switching, all resulting
in the induction of Ty2-mediated IgE response against a-Gal
(Cabezas-Cruz et al., 2019; Kageyama et al., 2019) (Figure 10B).
As recently concluded by Kageyama et al. (2019), repeated tick
bites promote basophil recruitment and attract T2 cells to
the skin, which results in a proper cytokine milieu to enhance
IgE antibody levels against tick proteins and a-Gal to facilitate
acquired immunity to ticks and the AGS.

In the 1,3-GalT-KO mouse model, the induction of a-Gal-
specific IgE antibodies following tick feeding and in response
to subcutaneous injection of tick saliva was proposed to be
associated with the salivary proteins modified with a-Gal-like
antigens that might modulate host immune response toward
anti-a-Gal IgE antibodies (Araujo et al., 2016). However, recently
Roman-Carrasco et al. (2019) provided evidence supporting that
glycolipids but not glycoproteins containing a-Gal were able to
cross the intestinal monolayer and trigger an allergic reaction
such as the AGS. To characterize the immune mechanisms
leading to production of IgE antibodies and allergic reactions in
response to tick bites and red meat consumption, Chandrasekhar

et al. (2019) showed in the ®1,3-GalT-KO mouse model that
the induction of IgE responses was dependent on CD4™ T
cells and the expression of the B cell-intrinsic MyD88 adaptor
for inflammatory Toll-like receptor (TLR) and IL-1 signaling
pathways leading, among others, to the activation of the
Akr2/nuclear factor kB (NF-kB) (Deguine and Barton, 2014)
(Figure 10C).

The results reported here in the zebrafish model support some
of the previously proposed immune mechanisms triggering
the AGS and provided evidence for different tissue-specific
mechanisms also potentially involved in the AGS (Figure 10D).
While in zebrafish kidney o-Gal-containing glycolipids and
glycoproteins may antagonize TLR-mediated response to
promote Ty2-mediated IgE response to a-Gal, in the intestine
a mechanism similar to that proposed in humans and mouse
model may trigger AGS through activation of TLR by a-Gal
leading to production of proinflammatory cytokines and anti-
a-Gal IgE response. As proposed for humans in response to tick
saliva, basophils in zebrafish may be also recruited to attract T2
cells producing IL-4 to the muscle inducing Ty2-mediated IgE
response to a-Gal. Basophils/eosinophils have been described in
zebrafish and other fish species, but the functional role of these
cells in immune response and allergy has not been previously
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characterized (Ainsworth, 1992; Bennett et al., 2001). The fact
that i/1b was the only gene upregulated in zebrafish suffering and
dying of hemorrhagic anaphylactic-type reactions in response
to tick saliva on day 2 and the regulation of this gene after red
meat consumption suggesting a key role for this cytokine, which
has been previously shown to promote adhesion of basophils,
eosinophils, and neutrophils to human vascular endothelial cells
(Bochner et al.,, 1991). Although a role for PGE; during AGS
has been proposed in humans (Cabezas-Cruz et al., 2017¢), in
the zebrafish model we did not find a correlation between this
prostaglandin and the allergic response to tick saliva.

Based on the evidence obtained from studies in humans
and the mouse and zebrafish animal models, the proposed
mechanisms triggering the AGS involve TLR-mediated responses
in both Tyl and Th2 cells with a role for basophils in this
process (Figures 10B-D). The TLRs play a role in immune
response by initiating signaling cascades that result in the
recruitment of signaling adaptors such as MyD88 to trigger the
formation of supramolecular organizing centers that coordinate
various cellular responses such as translocation of Akr2/NF-kB
and the activation of immune cells leading to the expression
of proinflammatory cytokines and IFNs (Rosadini and Kagan,
2015). Pathogen-derived glycoproteins and glycolipids interact
with TLRs with different outcomes. The TLR4 sensors bacterial
lipopolysaccharides that activate the MyD88-dependent pathway
resulting in Akr2/NF-kB activation leading to the production
of IFN and proinflammatory cytokines (Perrin-Cocon et al.,
2017). However, pathogen-derived glycolipids and glycoproteins
can antagonize TLR-mediated response to interfere with cellular
immune response (Hajishengallis and Lambris, 2011; Cochet
et al., 2019). Basophil levels increase and infiltrate lesions after
tick infestations contributing to acquired immunity and secretion
of the histamine-repellent factor in tick-resistant animals
(Karasuyama et al., 2018b; Tabakawa et al., 2018). Basophils
have been also shown to activate T2 IL-4-mediated responses
(Karasuyama et al., 2018a), which may lead to acquired immunity
to ticks and the high anti-a-Gal IgE antibody levels associated
with the AGS (Kageyama et al., 2019). Additionally, basophils
may attract Ty2 cells to the tick bite site to induce intrinsic
TH2 immunity-promoting adjuvant function of tick salivary
components to enhance IgE response to a-Gal-containing tick
proteins causing the AGS (Hilger et al., 2019; Kageyama et al.,
2019).

CONCLUSIONS

In this study, a new animal model was developed using
zebrafish for the study of allergic reactions in response to tick
salivary biogenic substances and red meat consumption. The
observed allergic hemorrhagic anaphylactic-type reactions and
abnormal behavior patterns may occur in response to toxic
and anticoagulant biogenic compounds different from o-Gal
present in tick saliva. Furthermore, host-derived and not only
tick-derived molecules with a-Gal may be involved in the
AGS (Platts-Mills et al., 2020). However, the results showed
that only zebrafish previously exposed to tick saliva and fed

on dog food developed hemorrhagic anaphylactic-type allergic
reactions and/or abnormal behavior or feeding patterns with
rapid desensitization and tolerance. These allergic reactions were
associated with tissue-specific TLR-mediated responses in Ty1
and Ty2 cells with a possible role for basophils in the immune
response to tick saliva. The results obtained in this proof-of-
concept study support some of the previously proposed immune
mechanisms triggering the AGS in humans and the al,3-GalT-
KO mouse model and provided evidence for different tissue-
specific mechanisms also potentially involved in the AGS. These
results support the use of the zebrafish animal model for the study
of the AGS and other tick-borne allergies.
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Supplementary Figure 1. Effect of feeding on zebrafish antibody response. The IgM antibody titers against (A) a-Gal and (B) tick
salivary gland proteins (SG) were determined by ELISA, represented as the average + S.D. O.D. at 450 nm and compared between
zebrafish fed with fish feed or dog food and treated with saliva, a-Gal, PGE,, a-Gal + PGE, and PBS control by Student’s t-test with
unequal variance (*p < 0.05; N = 3-6).
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Supplementary Figure 2. Zebrafish injected with tick saliva develop abnormal behavior patterns. (A-F) Zebrafish behavior was
recorded at day 1 after treatment. Abnormal behavior patterns consisting of low mobility and permanence at the bottom of the water tank was
shown in (A) 3 zebrafish injected with tick saliva, (C) one zebrafish injected with a-Gal and (E) one zebrafish injected with a-Gal + PGE,.
(B) An abnormal zig-zag type swimming was observed at day 3 in fish No. 14-8 injected with tick saliva and fed with dog food

(Supplementary Figure 3). Normal behavior patterns were seen in all zebrafish injected with (D) PGE, and (F) PBS.

Supplementary Figure 3. Zebrafish injected with tick saliva and fed with dog food develop abnormal behavior patterns. Abnormal
zig-zag type swimming at day 3 in zebrafish No. 14-8 injected with tick saliva and fed with dog food. Representative images were extracted

from the video (https://youtu.be/ukud2TYN9sQ ) using the Filezigzag online file conversion (https://www.filezigzag.com).
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Saliva/Dog food

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
Saliva/Dog food 9 8 10 9.0 1.0

a-Gal/Dog food

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
a-Gal/Dog food 3 2 2 2.3 0.6
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PGE,/Dog food

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
PEG2/Dog food 4 3 3 33 0.6

a-Gal + PGE,/Dog food

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
a-Gal+PGE2/Dog food 2 3 4 3.0 1.0
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PBS/Dog food

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
PBS/Dog food 2 3 3 2.7 0.6

Saliva/Fish feed

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
Saliva/Fish feed 8 9 9 8.7 0.6
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o-Gal/Fish feed

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
a-Gal/Fish feed 4 3 2 3.0 1.0

PGE,/Fish feed

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
PGE2/Fish feed 2 3 4 3.0 1.0
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a-Gal + PGE,/Fish feed

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
a-Gal+PGE2/Fish feed 4 2 4 33 1.2

PBS/Fish feed

Granulocytes counts Sample 1 Sample 2 Sample 3 Ave SD
PBS/Fish feed 2 2 3 2.3 0.6
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P (t-Test) Treatment vs. PBS P (t-Test) Dog vs. Fish feed

Saliva vs. PBS Saliva
0.00000002 0.32
a-Gal vs. PBS o-Gal
0.34 0.19

PGE2 vs. PBS PGE2
0.06 0.32

a-Gal+PGE2 vs. PBS a-Gal+PGE2

0.09 0.36

PBS

0.26

Supplementary Figure 4. Granulocytes in the skeletal muscle of zebrafish. Representative images of granulocytes detected in muscle
tissue sections stained with hematoxylin and eosin of zebrafish treated with saliva, a-Gal, PGE, or a-Gal + PGE, or the PBS control and
fed with dog food or fish feed. The fields were randomly chosen, and granulocytes are indicated with arrows. Magnifications, 40X and
100X. The average counts of granulocytes were compared between fish treated with tick saliva, o-Gal or PGE, a-Gal + PGE, and PBS-
treated controls and between fish fed on dog food or fish feed for each treatment by Student’s t-test with unequal variance (p < 0.05; N =
3-6).
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Supplementary Figure 5. ELISA test for characterizing a-Gal levels. The a-Gal levels were determined by ELISA using BSA-a-Gal and
R. sanguineus salivary gland proteins. The average value of the blanks (wells without sample proteins; N = 5) was subtracted from all reads
and the average of 9 replicates for each sample was used for analysis. (A) A calibration curve with 0.0 to 1.0 ng a-Gal and O.D. values at 450
nm was constructed using Microsoft Excel for Mac (v. 16.26) to convert ELISA reader values to a-Gal content per sample. (B) To further
validate the calibration curve, a correlation was constructed between 0.0 to 3.5 ng a-Gal and 0.0 to 1.0 pg tick salivary gland proteins using
Microsoft Excel for Mac (v. 16.26).
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Supplementary Table 1. Oligonucleotide primers and conditions for qRT-PCR.

Gene Oligonucleotide primers Annealing
(Accession No.) temperature
gapdh Forward: 5'-CGTGGTGCCAGTCAGAACAT-3" 56 °C
NM _001115114.1 Reverse: 5'-AGTCAGTGGACACAACCTGG-3"
tlr2 Forward: 5'-TGAATGGGTCGAGGAGATTC-3" 56 °C
NM_212812.1 Reverse: 5-CACAAAGTGCTCCGACAGAA-3"
tlrdb Forward: 5'-TCACCTGGACAGCAAGAATG-3" 56 °C

R TEEIL) Reverse: 5'-CGATTGACTTCCCTGCTTGA-3"

ilb Forward: 5'-GCATGTCCACATATGCGTCG-3" s8°C

NM 212844 Reverse: 5'-GCTGGTCGTATCCGTTTGGA-3'
il4 Forward:5-GTGAATGGGATCCTGAATGG-3’ 56°C

NM_001170740.1 Reverse: 5'-TTCCAGTCCCGGTATATGCT-3"
nfil3 Forward: 5'-ATCACCAGGAGGCCCTAACT-3' 56°C

NM_ 0010041202 Reverse: 5'-CTTTTCAAGCAGGCCACTTC-3"
@ Forward: 5'-ACGCTCTCTGGATTGAAACA-3’ 56°C

NM_131243.1 Reverse: 5'-TGCCTTCTTGCATGGCAATC-3"
k2 Forward: 5'-ACTATGGACTTCGATCCGCT-3" 56°C

NM 213294.2 Reverse: 5'-GCTCTGTGGTGAGTGCTGAA-3'
o Forward: 5'-AGTACCGGGGAAGAGAGCTA-3’ s4°C

i Reverse: 5'-AAGGTGGCATGATTGTCTGT-3"
e Forward: 5'-ATGAGAACTCAAATGTGGAC-3’ 50°C

AJ544822 Reverse: 5'-TTACACTCGAGGATTGAC-3’

mydss Forward: 5'-ATCGCCAGTGAGCTTATCGA-3’ s6°C

NM 212814.2 Reverse: 5-GTCCAGAACCAGACCTGTGT-3"
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Abstract: The alpha-Gal syndrome (AGS) is associated with tick bites that can induce in humans
high levels of IgE antibodies against the carbohydrate Galx1-3GalB1-(3)4GIlcNAc-R (x-Gal) present
in glycoproteins and glycolipids from tick saliva that mediate primarily delayed anaphylaxis to
mammalian meat consumption. It has been proposed that humans evolved by losing the capacity to
synthesize x-Gal to increase the protective immune response against pathogens with this modification
on their surface. This evolutionary adaptation suggested the possibility of developing vaccines
and other interventions to induce the anti-a-Gal IgM/IgG protective response against pathogen
infection and multiplication. However, the protective effect of the anti-x-Gal immune response for
the control of tuberculosis caused by Mycobacterium spp. has not been explored. To address the
possibility of using vaccination with x-Gal for the control of tuberculosis, in this study, we used
the zebrafish-Mycobacterium marinum model. The results showed that vaccination with x-Gal
protected against mycobacteriosis in the zebrafish model of tuberculosis and provided evidence
on the protective mechanisms in response to vaccination with «-Gal. These mechanisms included
B-cell maturation, antibody-mediated opsonization of mycobacteria, Fc-receptor (FcR)-mediated
phagocytosis, macrophage response, interference with the x-Gal antagonistic effect of the toll-like
receptor 2 (TLR2)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)-mediated
immune response, and upregulation of pro-inflammatory cytokines. These results provided additional
evidence supporting the role of the x-Gal-induced immune response in the control of infections
caused by pathogens with this modification on their surface and the possibility of using this approach
for the control of multiple infectious diseases.

Keywords: alpha-Gal; vaccine; tuberculosis; vaccine; Mycobacterium; immunology
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1. Introduction

The alpha-Gal syndrome (AGS), which is now the focus of recent investigations, is associated
with tick bites that can induce in humans high levels of IgE antibodies against the carbohydrate
Gala1-3GalB1-(3)4GlcNAc-R (x-Gal) present in glycoproteins and glycolipids from tick saliva that
mediate delayed anaphylaxis to mammalian meat consumption and immediate anaphylaxis to tick
bites, xenotransplantation, and certain drugs such as cetuximab [1-12]. Within the conflict and
cooperation that drove the evolution of tick-host—pathogen interactions [13], humans evolved by losing
the capacity to synthesize x-Gal to increase the protective immune response against pathogens with
this modification on their surface while increasing the risk to develop the AGS [6]. This evolutionary
adaptation suggested the possibility of developing vaccines and other interventions to induce the
anti-«-Gal IgM/IgG protective response against pathogen infection to prevent or control major infectious
diseases worldwide [14-20].

Recently, the C57BL/6 «1,3-Galactosyltransferase-knockout («1,3-GalT-KO) mouse animal model
was used to study the antibody response to the carbohydrate x-Gal and its potential for the control
of infectious diseases such as malaria, leishmaniasis, Chagas disease, granulocytic anaplasmosis,
and influenza caused by pathogens with this modification on their surface and/or by enhancing
the protective immune response against these pathogens [15-22]. The results showed protection
against pathogen infection in response to x-Gal-containing vaccine formulations [15,18-22]. However,
the protective effect of the anti-x-Gal immune response for the control of tuberculosis caused by
Moycobacterium spp. with a-Gal on their surface [17] and constituting one of the deadliest infectious
diseases worldwide [23] has not been explored.

To address the possibility of using vaccination with «x-Gal for the control of tuberculosis, in
this study, we used the zebrafish Danio rerio (Hamilton, 1822) animal model. Zebrafish is a model
organism for the study of immune mechanisms and new effective vaccines and control strategies
against tuberculosis [24-28]. Additionally, zebrafish do not produce a-Gal and were recently shown to
reproduce some features of the human immune response to this molecule as a model for the study of the
AGS [29]. The results of this study showed that vaccination with x-Gal protects against mycobacterial
infection in the zebrafish model of tuberculosis to further advance the possibility of developing a
pan-vaccine for the simultaneous control of major infectious diseases worldwide [30]. Additionally,
this vaccination strategy may be used for the control of fish mycobacteriosis or piscine tuberculosis
affecting multiple freshwater and saltwater fish species and with human incidence worldwide [31].

2. Materials and Methods

2.1. Ethics Statement

Animal experiments were conducted in strict accordance with the recommendations of the
European Guide for the Care and Use of Laboratory Animals. Animals were housed at and experiments
were conducted at the experimental facility (IREC, Ciudad Real, Spain) with the approval and
supervision of the Ethics Committee on Animal Experimentation of the University of Castilla La
Mancha (PR-2018-06-13) and the Counseling of Agriculture, Environment, and Rural Development of
Castilla La Mancha (ES130340000218).

2.2. Flow Cytometry Analysis of Mycobacterium marinum a-Gal Content

The M. marinum Aronson (ATCC 927) was cultured at 29 °C in 7H9 broth enriched with
Middlebrook ADC (Becton Dickinson, Franklin Lakes, NJ, USA). The bacteria were washed twice
in phosphate-buffered saline (PBS), centrifuges at 4000 g for 5 min, resuspended in PBS, fixed in 4%
paraformaldehyde for 30 min at room temperature (RT), and washed once in PBS. The cells were
incubated with 3% human serum albumin (HAS; Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h
at RT. Then, cells were incubated for 14 h at 4 °C with the «-Gal epitope (Galx1-3Gal31-4GIcNAc-R)
monoclonal antibody (M86, Enzo Life Sciences, Farmingdale, NY, USA) diluted 1:50 in 3% human serum
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albumin (HAS)/PBS. Fluorescein isothiocyanate (FITC)-goat anti-mouse IgM (Abcam, Cambridge, UK)
labelled antibody (diluted 1/200 in 3% HSA/PBS) was used as a secondary antibody and incubated
for 1 h at RT. Samples were analyzed on a FAC-Scalibur flow cytometer equipped with CellQuest
Pro software (BD Bio-Sciences, Madrid, Spain). The viable cell population was gated according to
forward-scatter (FSC-H) and side-scatter (SSC-H) parameters. Aliquots of fixed and stained samples
were used for immunofluorescence assays after air-drying and mounting in ProLong Antifade reagent
containing 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR, USA). The sections
were examined using a Zeiss LSM 800 laser scanning confocal microscope (Carl Zeiss, Oberkochen,
Germany) with oil immersion objectives (63x).

2.3. Zebrafish

Wild-type adult (6-8 months old) AB female and male zebrafish were kindly provided by Juan
Galceran Séez from the Instituto de Neurociencias (IN-CSIC-UMH, Sant Joan d’Alacant, Alicante,
Spain). These zebrafish were certified by Biosait Europe S.L. (Barcelona, Spain; https://biosait.com)
as free of major fish pathogens such as Mycobacterium spp., Pseudoloma neurophilia, Pseudocapillaria
tomentosa, and zebrafish retroviruses. The zebrafish were maintained in a flow-through water system
at 27 °C with a light/dark cycle of 14 h/10 h and fed twice daily with dry fish feed (Premium food
tropical fish, DAPC, Valladolid, Spain).

2.4. Zebrafish Caccination With a-Gal and Challenge with M. marinum

2.4.1. Experiment 1 (Figure 1A)

This experiment was designed to evaluate the effect of vaccination with bovine serum albumin
(BSA) coated with «-Gal (BSA-x-Gal, thereafter named «-Gal; Dextra, Shinfield, UK) in combination
with adjuvant Montanide ISA 71 VG (SEPPIC, Paris, France) and in comparison with BSA and
adjuvant alone. For vaccine formulation, x-Gal was adjuvated as previously described [32] to a final
concentration of 0.25 pg/ul in a vaccination dose volume of 20 pl. Fourteen fish were randomly allocated
to vaccinated and control groups with a similar number of females and males. Fish were briefly
anaesthetized by immersion in 0.02% tricaine methanesulfonate (MS-222) and vaccinated at weeks 0
(prime delivery) and 3 (boost delivery). Fish were vaccinated by intraperitoneal (IP) injection using
a 30G insulin syringe with 50 ul of antigen composition. The M. marinum Aronson (ATCC 927) was
cultured at 29 °C in 7H9 broth enriched with Middlebrook ADC (Becton Dickinson) and prepared for
infection as previously described [27,33]. To verify the bacterial dose, M. marinum samples were diluted
and plated on 7H10 agar enriched with Middelbrook OADC (Becton Dickinson) for counting bacterial
colonies. Before challenge, fish were anaesthetized as described above and IP injected at week 5 with
an infection dose equivalent to 50 + 8 cfu of M. marinum, causing a chronic tuberculosis-like disease in
zebrafish [27]. At week 8, fish were euthanized with immersion in 0.04% MS-222 and processed for
analysis of antibody levels by ELISA, mycobacteria levels by qPCR, and expression of selected immune
response gene markers by qRT-PCR. The zebrafish had weights of 333.0 + 133.6 and 370.7 + 91.2 mg at
prime immunization and 344.2 + 122.2 and 469.1 + 106.0 mg at euthanasia for vaccinated and control
groups, respectively.

2.4.2. Experiment 2 (Figure 1B)

In this experiment, the x-Gal antigen was formulated without adjuvant and used in comparison
with PBS for vaccination of zebrafish treated with IP injection and mucosal exposure to PBS or
M. marinum or left untreated. For vaccine formulation, x-Gal was diluted in PBS to a final concentration
of 0.25 pug/ul in a vaccination dose volume of 20 pl. Controls were injected with a similar volume of
PBS. A total of 87 fish were randomly allocated to uninfected/PBS, uninfected/x-Gal, vaccinated, and
control groups with a similar number of females and males. Animals were vaccinated at weeks 0 and 3
as described in experiment 1. Then, at week 5 and before treatment (T1), fish from each group were
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euthanized as described above. Remaining fish were subjected to the different treatments at week 5
and euthanized at week 8 as described in experiment 1. These treatments included IP injection of PBS
or M. marinum and mucosal exposure to PBS or M. marinum. IP injection was conducted as described
above in experiment 1. Mucosal treatment was conducted as described before by immersion for 30 min
in 500 ml water containing 56 + 6 cfu/ml of M. marinum, while control animals were immersed in water
with the same dose of PBS [28]. At week 8, fish were euthanized as described above in experiment 1
and processed for analysis of antibody levels by ELISA, granulomas by histopathology, mycobacteria
levels by qPCR, proteome characterization by Sequential Windowed data independent Acquisition of
the Total High-resolution Mass Spectra (SWATH), and expression of selected immune response gene
markers by qRT-PCR (Figure 1B). The zebrafish had weights at prime immunization and euthanasia
(T2), respectively, of 330.0 + 132.0 and 345.9 + 124.8 mg (PBS vaccination and treatment), 274.5 + 137.3
and 357.9 + 170.8 mg (x-Gal vaccination and no treatment), 258.3 + 97.6 and 386.0 + 78.3 mg (x-Gal
vaccination and IP infection), 242.4 + 117.9 and 323.4 + 110.1 mg (x-Gal vaccination and mucosal
infection), 279.4 + 107.3 and 366.7 + 149.3 mg (PBS vaccination and IP infection), and 340.4 + 115.3 and
497.6 + 84.0 mg (PBS vaccination and mucosal infection).
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Sample collection from euthanized animals for analysis of anti-a-Gal IgM levels by ELISA (T2), granulomas
by histopathology (T2), mycobacteria levels by gPCR (T1 & T2), proteomics analysis (T1 & T2; P1-P6) and
expression of selected immune response gene markers by qRT-PCR (T1 & T2)

Figure 1. Experimental design: Two experiments were conducted to characterize the protective
efficacy and mechanisms of vaccination with «-Gal in zebrafish infected with M. marinum (Mm). (A) In
experiment 1, fish were parenterally (IP) vaccinated with x-Gal or bovine serum albumin (BSA) control
with adjuvant and IP infected with Mm. Samples were collected after vaccination and treatment with
Mm or PBS at the end of the experiment (T2). (B) Experiment 2 was conducted with IP vaccination
with a-Gal without adjuvant in comparison with PBS-treated controls in fish infected with IP and
mucosal Mm or left untreated. In experiment 2, samples were collected after vaccination and before
treatment (T1) and at the end of the experiment (T2). Samples collected from euthanized fish were used
for analysis of anti-o-Gal IgM levels by ELISA (T2), granulomas by histopathology (T2), mycobacteria
levels by qPCR (T1 and T2), proteomics analysis (T1 and T2; P1-P6), and expression of selected immune
response gene markers by qRT-PCR (T1 and T2).
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2.5. Anti-a-Gal IgM Antibody Titers in Zebrafish

For ELISA, high absorption capacity polystyrene microtiter plates were coated with 100 ng of
«-Gal per well in carbonate-bicarbonate buffer (Sigma-Aldrich). After an overnight incubation at 4 °C,
coated plates were washed one time with 100 ul/well PBS/1% Triton X-100 (PBST) (Sigma-Aldrich), and
then blocked with 100 pl/well of 1% HSA (Sigma-Aldrich) for 1 h at RT. A dilution curve with 1:10, 1:100,
and 1:1000 fish serum peritoneal fluid samples was performed and then diluted (1:10, v/v) in blocking
solution, and 100 pl/well was added into the wells of the antigen-coated plates and incubated for 1.5 h at
37 °C. Plates were washed three times with PBST and 100 ul/well of species-specific rabbit anti-zebrafish
IgM antibodies diluted (1:1000, v/v) in blocking solution were added and incubated for 1 h at RT.
Plates were washed three times with 300 pl/well of PBST. A goat anti-rabbit IgG-peroxidase conjugate
(Sigma-Aldrich) was added diluted 1:3000 in blocking solution and incubated for 1 h at RT. After
four washes with 100 ul/well of PBST, 100 ul/well of 3,3’,5,5'-Tetramethylbenzidine (TMB) (Promega,
Madison, WI, USA) was added and incubated for 15 min at RT. Finally, the reaction was stopped with
50 pl/well of 2 N H,SO4 and the optical density (OD) was measured in a spectrophotometer at 450 nm.
The OD at 450 nm was compared between different groups by Student’s f-test with unequal variance
(p < 0.05; experiment 1, n = 6 for vaccinated fish and n = 8 for controls; experiment 2, n = 6 for fish
vaccinated and IP M. marinum, n = 8 for fish vaccinated and mucosal M. marinum, n = 7 for controls
and IP M. marinum, and n = 10 for controls and mucosal M. marinum).

2.6. Histopathology

The analysis was conducted in animals collected from experiment 2 (Figure 1B). Zebrafish were
sectioned sagittally, and half of them were immediately fixed in 10% neutral buffered formalin for 24 h at
21 °C, dehydrated in a graded series of ethanol, immersed in xylol, and embedded in paraffin wax using
an automatic processor. Sections were cut at 4 um and stained with haematoxylin and eosin (HE) and
Ziehl-Neelsen (ZN) staining following standard procedures [27,28]. The small size of the zebrafish and
the sagittal sections to divide them in two portions for molecular and histopathological studies permitted
a histological assessment only in central nervous system, branchial arches, muscle, skin, liver, intestine,
and gonads. Tuberculous granulomas were evaluated and classified according to their components (a)
in early granuloma composed of an epithelioid macrophages infiltrate positive to mycobacteria and
without or early necrosis and (b) in mature granuloma well-organized and infiltrated of epithelioid
macrophages with areas of partial and complete central necrosis and acid-fast bacilli and insulated from
the surrounding tissue by a fibrotic and/or cellular cuff. The quantitative assessment of the granulomas
consisted of identifying and counting the organs with granulomas per zebrafish. Pathological findings
were graded by a numerical score based on the number of granulomas, the type of granulomas, and the
number of regions and/or organs involved by granulomatous disease in each fish. Histopathology and
ZN staining for mycobacteria were used for the quantification of granuloma lesion scores in the studied
organs. The granuloma lesion scores were compared between groups by Student’s f-test with unequal
variance and by a one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx)
and the number of early tuberculosis-like granulomas with epithelioid macrophages infiltrates
surrounding scattered mycobacteria, and well-organized granulomas with partial and complete
necrosis were compared between «-Gal vaccinated and not vaccinated zebrafish by Student’s t-test
with unequal variance (p = 0.05; n = 5 for fish PBS vaccinated and IP PBS, n = 6 for fish PBS vaccinated
and mucosal PBS, n = 7 for fish «-Gal vaccinated and untreated, n = 5 for fish vaccinated and IP M.
marinum, n = 8 for fish vaccinated and mucosal M. marinum, n = 7 for controls and IP M. marinum, and
n =9 for controls and mucosal M. marinum).

2.7. Extraction of Total DNA, RNA, and Proteins from Zebrafish

Total DNA, RNA, and proteins were isolated from the intestine of euthanized fish using the
AllPrep DNA/RNA/Protein (Qiagen, Hilden, Germany).
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2.8. Characterization of M. marinum DNA Levels by qPCR

The DNA levels of M. marinum were determined by qPCR using the KAPA SYBR FAST
one-step universal kit (Sigma-Aldrich) in the Rotor-Gene Q (Qiagen, Inc. Valencia, CA, USA)
thermocycler following manufacturer’s recommendations with specific primers and conditions for
M. marinum 16S ribosomal RNA (16S rRNA; Genbank accession number: AF456240.1) (16SForward-F:
5-ACTGAGATACGGCCCAGACT-3’, 16SReverse-R: 5- TCACGAACAACGCGACAAAC-3,
annealing 56 °C, 30 sec). A dissociation curve was run at the end of the reactions to ensure that only
one amplicon was formed and that the amplicon denatured consistently in the same temperature range
for every sample [34]. The DNA Ct values were normalized against D. rerio glyceraldehyde-3-phosphate
dehydrogenase (gapdh; NM_001115114.1) (GAPDHE: 5'-CGTGGTGCCAGTCAGAACAT-3’, GAPDHR:
5-AGTCAGTGGACACAACCTGG-3, annealing 56 °C, 30 sec) using the genNormddCT method [35].
M. marinum DNA-normalized Ct levels were compared between groups by Student’s f-test with
unequal variance (p = 0.05; experiment 1, n = 6 for vaccinated fish, n = 8 for controls; experiment 2 at
T2, n = 6 for fish vaccinated and IP M. marinum, n = 8 for fish vaccinated and mucosal M. marinum,
n =7 for controls and IP M. marinum, and n = 10 for controls and mucosal M. marinum; experiment 2 at
T1 vs. T2, n = 7 for PBS vaccinated uninfected fish, n = 5 for x-Gal vaccinated uninfected fish, n = 13
for «-Gal vaccinated infected fish, n = 12 for PBS vaccinated infected fish and T2, n = 5 for fish PBS
vaccinated and IP PBS, n = 6 for fish PBS vaccinated and mucosal PBS, n = 8 for fish «-Gal vaccinated
and untreated, n = 6 for fish vaccinated and IP M. marinum, n = 8 for fish vaccinated and mucosal
M. marinum, n = 7 for controls and IP M. marinum, and n = 10 for controls and mucosal M. marinum).
A Spearman’s Rho correlation analysis (https://www.socscistatistics.com/tests/spearman/Default2.aspx)
was performed between normalized M. marinum DNA levels and anti-x-Gal IgM antibody levels
(experiment 1, n = 6 for vaccinated fish, n = 8 for controls, p = —0.565, two-tailed p = 0.03; experiment
2, n = 14 for x-Gal vaccinated fish and IP/mucosal infection at T2, p = —0.515, two-tailed p = 0.004,
n = 17 for PBS controls and IP/mucosal infection at T2, n = 6 for «-Gal vaccinated fish and IP infection
at T2, n = 7 for PBS controls and IP infection at T2, p = —0454, two-tailed p = 0.12, and n = 8 for
«-Gal vaccinated fish and mucosal infection at T2, n = 10 for PBS controls and mucosal infection at T2,
p = —0522, two-tailed p = 0.03).

2.9. Characterization of mRNA Levels of Selected Zebrafish Immune Response Genes by gqRT-PCR

To characterize the expression of selected genes previously shown to be involved in vaccine
protective mechanisms [36] and/or fish immune response to infection [37], a qRT-PCR was performed
for the analysis of D. rerio tumor necrosis factor-alfa (tnf alpha; NM_212859.2), chemokine receptor type
4a (cxcrda; NM_131882.3), chemokine receptor 6a (ccréa; NM_001099991.1), toll-like receptor 2 (TLR2;
NM_212812.1), toll-like receptor 4 (TLR4; NM_001328605), interleukin 1-beta (IL-15; NM_212844.2),
akirin 1 (akrl; NM_001007186.2), akirin 2 (akr2; NM_213294.2), and complement component 3 (C3;
NM_131243.1) genes in zebrafish in response to vaccination and mycobacterial infection. The gqRT-PCR
was performed using the KAPA SYBR FAST one-step universal kit (Sigma-Aldrich) in the Rotor-Gene
Q (Qiagen) with specifics forward (F) and reverse (R) primers and conditions following manufacturer’s
recommendations (Table 1). A dissociation curve was run at the end of the reactions to ensure that only
one amplicon was formed and that the amplicon denatured consistently in the same temperature range
for every sample [34]. The mRNA Ct values were normalized against D. rerio gapdh as described above
for the qPCR using the genNormddCT method [35]. The mRNA-normalized Ct values were compared
between groups by Student’s ¢-test with unequal variance (p = 0.05) and then represented as the ratio
between normalized Ct values in fish a-Gal-vaccinated and PBS control IP infected with M. marinum at
T2 (n = 6 for fish x-Gal vaccinated and n = 7 for controls), the ratio between normalized Ct values in
fish a-Gal-vaccinated and PBS control with mucosal infection with M. marinum at T2 (n = 8 for fish
«-Gal vaccinated and n = 10 for controls), and the ratio between normalized Ct values at T1 and T2 (T1,
n = 7 for PBS vaccinated uninfected fish, n = 5 for «-Gal vaccinated uninfected fish, n = 13 for «x-Gal
vaccinated infected fish, n = 12 for PBS vaccinated infected fish; T2, n = 5 for fish PBS vaccinated and IP
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PBS, n = 6 for fish PBS vaccinated and mucosal PBS, n = 8 for fish «-Gal vaccinated and untreated, n =6
for fish «-Gal vaccinated and IP M. marinum, n = 8 for fish «-Gal vaccinated and mucosal M. marinum,
n =7 for controls and IP M. marinum, and n = 10 for controls and mucosal M. marinum,).

Table 1. Oligonucleotide primer sequences and annealing conditions.

Gene Oligonucleotide Primers Annealing Conditions

F: 5-GCTTATGAGCCATGCAGTGA-3’

ffalpha 5 TGCCCAGTCTGTCTCCTTCT-3 56 °C, 30 sec
. F: 5'-AGCTTCTGCGTGGCATCTAT-3' 6°C. 30
ceroa R: 5-CAGACGGCTGCACAAACTAA-3 s oV see
F: 5-TCACCTGGACAGCAAGAATG-3/ .
TLR4 R: 5'-CGATTGACTTCCCTGCTTGA-3' 56 °C, 30 sec
F: 5-GCATGTCCACATATGCGTCG-3' .
IL-1p R: 5-GCTGGTCGTATCCGTTTGGA-3' 58 °C, 30 sec
- F: 5-AGTTTGAGGCCCTTCTCAGC-3' 58°C 30 sec
axr R: 5-AAGTGCCTTCATGTCTGGGG-3' ’
F: ¥ -TGAATGGGTCGAGGAGATTC-3' .
TLR2 R: ¥-CACAAAGTGCTCCGACAGAA-3’ 56 °C, 30 sec
. F: 5-TGTACAGCAGCGTCCTCATC-3/ 58°C 30 sec
cxeraa R: 5'-ACCCAGGTGACAAACGAGTC-3’ ’
3 F: 5'-ACGCTCTCTGGATTGAAACA-3' 6°C 30
R: 5-TGCCTTCTTGCATGGCAATC-3' s oV see
. F: 5-ACTATGGACTTCGATCCGCT-3 56°C, 30 sec

R: 5’-GCTCTGTGGTGAGTGCTGAA-3’

2.10. Characterization of Zebrafish Proteome in Response to Vaccination and Infection

Isolated proteins were resuspended in 10 mM PBS with 2% SDS and protein concentration was
determined using the BCA Protein Assay (Thermo Scientific) using bovine serum albumin (BSA) as
standard. Proteins (100 ug per sample) were methanol/chloroform precipitated; resuspended in 30 ul
50 mM Tris-HCl pH 7.5, 2% SDS, 50 mM dithiothreitol (DTT); and boiled for 5 min at 95 C. Proteins
were trypsin digested using the filter aided sample preparation (FASP) protocol using the FASP
Protein Digestion Kit (Expedeon, San Diego, CA, USA) following manufacturer recommendations.
The resulting peptides were desalted onto OMIX Pipette tips C18 (Agilent Technologies), dried-down;
and stored at —20 °C until mass spectrometry analysis (MS) by SWATH-MS.

2.10.1. Proteome Analysis by SWATH-MS

The desalted protein digests were resuspended in 2% acetonitrile and 5% acetic acid in water
and analyzed by reverse phase liquid chromatography mass spectrometry (RP-LC-MS/MS) using an
ekspertTM nanoLC 415 system coupled on line with a 6600 TripleTOF® mass spectrometer (AB SCIEX;
Framingham, MA, USA) through Information-Dependent Acquisition (IDA) followed by SWATH.
Four micrograms of each protein digest of the different control and vaccinated groups from experiment
2 (four animals per group) were used for the generation of the reference spectral ion library as part of
SWATH-MS analysis. The peptides were concentrated using a 0.1 x 20 mm C18 RP precolumn (Thermo
Scientific), and then separated using a 0.075 X 250 mm C18 RP column (New Objetive, Woburn, MA,
USA) operating at 0.3 ml/min. Peptides were eluted using a 120-min gradient from 5%-30% solvent
B in solvent A followed by 15-min gradient from 30%—-60% solvent B in solvent A (Solvent A: 0.1%
formic acid in water, solvent B: 0.1% formic acid in acetonitrile) and directly injected into the mass
spectrometer for analysis. For IDA experiments, the mass spectrometer was set to scanning full spectra
(350-1400 m/z) using 250 ms accumulation time per spectrum, followed by up to 50 MS/MS scans




Characterization of the immune response to alpha-Gal antigen
and possibilities for the control of infectious diseases

Vaccines 2020, 8, 195 8 of 23

(100-1500 m/z). Candidate ions with a charge state between +2 and +5 and counts per second above a
minimum threshold of 100 were isolated for fragmentation. One MS/MS spectrum was collected for
100 ms, before adding those precursor ions to the exclusion list for 15 sec (mass spectrometer operated
by Analyst TF 1.7; ABSciex). Dynamic background subtraction was turned off. MS/MS analyses were
recorded in high-sensitivity mode with rolling collision energy on and a collision energy spread of
5. For SWATH quantitative analysis, twenty-two independent samples (four biological replicates from
each PBS-vaccinated and «-Gal-vaccinated fish without treatment and with mucosal and IP M. marinum
in experiment 2; Figure 1B) (8 ug each) were subjected to the cyclic data independent acquisition
(DIA) of mass spectra using the SWATH variable windows calculator (V 1.0, AB SCIEX) and the
SWATH acquisition method editor (AB SCIEX), similar to previously established methods [38]. A set
of 50 overlapping windows was constructed (containing 1 m/z for the window overlap), covering the
precursor mass range of 400-1250 m/z. For these experiments, a 50 -ms survey scan (350-1400 11/z) was
acquired at the beginning of each cycle and SWATH-MS/MS spectra were collected from 100-1500 m/z
for 70 ms at high-sensitivity mode, resulting in a cycle time of 3.6 sec. Collision energy for each window
was determined according to the calculation for a charge +2 ion-centered upon the window with a
collision energy spread of 15.

2.10.2. Library Generation/Protein Identification, Data Processing, and Relative Quantitation

To create a spectral library of all the detectable peptides in the samples, the IDA MS raw files
were combined and subjected to database searches in unison using ProteinPilot software v. 5.0.1
(AB SCIEX) with the Paragon algorithm [39]. Spectra identification was performed by searching against
the Danio rerio Uniprot database (62,016 entries in February 2020) with the following parameters:
iodoacetamide cysteine alkylation, trypsin digestion, identification focus on biological modification,
and thorough ID as search effort. The detected protein threshold was set at 0.05. An independent
False Discovery Rate (FDR) analysis, using the target-decoy approach provided by Protein Pilot
(AB SCIEX), was used to assess the quality of identifications. Positive identifications were considered
when identified proteins reached a 1% global FDR. For SWATH processing, up to 10 peptides with
seven transitions per protein were automatically selected by the SWATH Acquisition MicroApp 2.0 in
the PeakView 2.2 software (AB SCIEX) with the following parameters: 15 ppm ion library tolerance,
5 min extracted-ion chromatogram (XIC) extraction window, 0.01 Da XIC width, and considering
only peptides with at least 99% confidence and excluding those which were shared or contained
modifications. However, to ensure reliable quantitation, only proteins which had 3 or more peptides
available for quantitation were selected for XIC peak area extraction and exported for analysis in the
MarkerView 1.3 software (AB SCIEX). Global normalization was performed according to the total
area sums of all detected proteins in the samples. In order to identify proteins that were significantly
differentially represented between samples, a Student’s ¢-test (p = 0.05) was used to perform two-sample
comparisons between the averaged area sums of all the transitions derived for each protein across the
four replicate runs for each sample under comparison. Gene ontology (GO) annotations were obtained
using the Blast2GO software (http://www.blast2go.org). Raw proteomics data was deposited at the
PeptideAtlas repository (http://www.peptideatlas.org/) with the dataset identifier PASS01545.

3. Results

3.1. Experimental Design and Rationale

The experimental design used in this study addressed the protective efficacy of vaccination
with «-Gal for the control of mycobacterial infection in the zebrafish model of tuberculosis using
adjuvated (experiment 1; Figure 1A) and not adjuvated (experiment 2; Figure 1B) vaccine formulations.
The rationale for using zebrafish is supported by constituting a validated model for tuberculosis [24-28]
and the role of this species as an animal model for the study of the AGS [29]. The main objectives
of the study were to characterize the effect of vaccination with x-Gal on mycobacterial infection
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and the immune mechanisms putatively involved in vaccine efficacy. To address these objectives,
vaccinated and control zebrafish were infected with «-Gal-positive M. marinum [17], treated with
PBS via IP or mucosal routes, or left untreated. Fish samples collected before and after treatment
with M. marinum or PBS were used for analysis of IgM antibody levels by ELISA, granulomas by
histopathology, mycobacteria levels by qPCR, proteomics analysis and expression of selected immune
response gene markers by gRT-PCR (Figure 1A,B).

3.2. Zebrafish Antibody Response to Vaccination with a-Gal Correlates with Reduction in
Mycobacterial Infection

In experiment 1 (Figure 1A), the anti-x-Gal IgM antibody levels significantly (p = 0.02) increased
after vaccination with adjuvated «-Gal vaccine formulation when compared to controls (Figure 2A,B).
The analysis of M. marinum DNA levels by qPCR showed a significant (p = 0.04) decrease in
vaccinated when compared to control zebrafish (Figure 2C). A significant negative correlation (p = 0.03)
was obtained between M. marinum DNA levels and anti-x-Gal IgM antibody titers (Figure 2D),
thus providing evidence for the role of antibody response against x-Gal in the control of mycobacteriosis
in vaccinated fish. In experiment 2 (Figure 1B), the results also showed a significant increase in the
anti-«-Gal IgM antibody levels in both mucosal (p = 0.004) and IP (p = 0.02)-infected zebrafish when
compared to controls (Figure 3A). The antibody response increased after vaccination (week 5, T1;
p = 0.01) and remained higher than in untreated zebrafish (T0) until week 8 (T2; p = 0.004) (Figure 3B).
The M. marinum DNA levels significantly increased after infection (T1 vs T2) only in unvaccinated
PBS-treated and untreated control zebrafish for both mucosal (p = 0.04) and IP (p = 0.01) infection
routes (Figure 3C). These results translated into a significant decrease in M. marinum DNA levels in
a-Gal-vaccinated zebrafish when compared to controls infected via mucosal (p = 0.001) or IP (p = 0.002)
routes (Figure 3D). As in experiment 1 but with a larger number of animals, a significant negative
correlation (p = 0.004) was obtained between M. marinum DNA levels and anti-x-Gal IgM antibody
titers (Figure 3E), thus providing additional support for the protective role of anti-x-Gal antibody
response against mycobacterial infection in zebrafish.
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Figure 2. Experiment 1, effect of vaccination on the antibody response and mycobacterial infection
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levels in zebrafish. (A) The IgM antibody titers against x-Gal were determined by ELISA in fish
vaccinated with adjuvated «-Gal or BSA alone as control and challenged with IP M. marinum. Antibody
titers in vaccinated and control fish were represented as the average + SD of the ODy50nm (ODantigen —
ODpgs control), and the mean of the duplicate values were compared between vaccinated and control
groups by Student’s ¢-test with unequal variance (p < 0.05). (B) ELISA dilution curve for IgM antibody
titers against a-Gal in fish vaccinated with adjuvated «-Gal or BSA alone as control and challenged
with M. marinum. Antibody titers were determined, represented, and analyzed as in (A) (p < 0.05).
(C) M. marinum DNA levels were characterized by qPCR in vaccinated and control infected fish,
normalized against D. rerio gapdh, represented as average + SD, and compared between groups by
Student’s t-test with unequal variance (p < 0.05). (D) Spearman’s Rho correlation analysis between
normalized M. marinum DNA levels and anti-«-Gal IgM antibody levels. Correlation rank coefficient
(p) and p-value are shown. In all experiments, n = 6 for vaccinated fish and n = 8 for controls.
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Figure 3. Experiment 2, effect of vaccination on the antibody response and mycobacterial infection
levels in zebrafish. (A) The IgM antibody titers against x-Gal were determined by ELISA at T2 in
fish vaccinated with «-Gal and PBS-treated controls infected with mucosal or IP M. marinum (Mm).
Antibody titers in vaccinated and control fish were represented as the average + SD of the ODg50nm
(ODantigen — ODpBS control), and the mean of duplicate values were compared between vaccinated and
control groups by Student’s t-test with unequal variance (p < 0.05; n = 6 for fish vaccinated and IP Mm,
n = 8 for fish vaccinated and mucosal Mm, n = 7 for PBS controls and IP Mm, and n = 10 for PBS controls
and mucosal Mm). (B) The IgM antibody titers against x-Gal were determined by ELISA at different
time points in PBS-treated uninfected fish (T0 before vaccination, n = 18), vaccinated with o-Gal and
uninfected fish (T1, n = 18) and vaccinated with x-Gal and untreated fish (T2, n = 8). Antibody titers
were determined and represented as in (A) and compared by Student’s ¢-test with unequal variance
(*p=0.01, T1 vs. TO; ** p = 0.004, T2 vs. T0). (C) M. marinum DNA levels were characterized by gPCR at
T1 and T2 in fish vaccinated with x-Gal and PBS-treated controls uninfected and infected with mucosal
or IP Mm, normalized against D. rerio gapdh, represented as average + SD, and compared between T1
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and T2 by Student’s ¢-test with unequal variance (* p < 0.05; T1: n = 7 for PBS vaccinated uninfected
fish, n = 5 for a-Gal vaccinated uninfected fish, n = 13 for «-Gal vaccinated infected fish, n = 12 for PBS
vaccinated infected fish; T2: n = 5 for fish PBS vaccinated and IP PBS, n = 6 for fish PBS vaccinated and
mucosal PBS, n = 8 for fish «-Gal vaccinated and untreated, n = 6 for fish vaccinated and IP Mm, n = 8
for fish vaccinated and mucosal Mm, n = 7 for controls and IP Mm, and n = 10 for controls and mucosal
Mm). (D) M. marinum DNA levels were characterized by qPCR at T2 in fish vaccinated with a-Gal and
PBS-treated controls infected with mucosal or IP Mm, normalized against D. rerio gapdh, represented
as average + SD, and compared between groups by Student’s t-test with unequal variance (p < 0.05;
n = 6 for fish vaccinated and IP Mm, n = 8 for fish vaccinated and mucosal Mm, n = 7 for controls and
IP Mm, and n = 10 for controls and mucosal Mm). (E) Spearman’s Rho correlation analysis between
normalized M. marinum DNA levels and anti-«-Gal IgM antibody levels (experiment 2, n = 14 for x-Gal
vaccinated fish and IP/mucosal infection at T2 and n = 17 for PBS controls and IP/mucosal infection at
T2). Correlation rank coefficient (p) and p-value are shown.

3.3. The Tuberculous Granuloma Lesion Scores Decrease in Zebrafish Vaccinated with a-Gal and IP Infected
with Mycobacteria

None of the animals in any group presented tuberculosis-like lesions at T0O and T1 of the experiment;
neither did the animals from the M. marinum uninfected groups at T2. However, tuberculous-like
granulomas were observed in 100% (ICgs9,: 61.2%-100%) of the animals from IP M. marinum-infected
groups at T2 and in 50% (ICos¢;,: 21.5%—-78.4%) and 60% (ICgs9,: 31.2%—83.1%) of the zebrafish in mucosal
M. marinum-infected groups vaccinated and not vaccinated with o-Gal, respectively. Fish vaccinated
with «-Gal and infected IP with M. marinum had a significantly lower mean number of tuberculous
granuloma lesion score (2 + 3) when compared to unvaccinated animals (5 + 1) (p = 0.03), while no
significant differences between groups were observed in zebrafish infected by mucosal M. marinum
(2 £2vs. 2+3;p>0.40) (Figure 4A). However, all M. marinum-infected groups presented a similar
granuloma distribution of affected tissues, with the liver and gonads the organs more affected followed
by intestine (Figure 4B), whereas mycobacteria were not detected in the brain, branchial arches, muscle,
and skin. ZN staining confirmed the presence of mycobacteria in the cytoplasm of macrophages within
granulomas of all zebrafish with tuberculous-like lesions (insets in Figure 4B(a) and (c)).
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Figure 4. Effect of vaccination on tuberculous granulomas: The quantitative assessment of the
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granulomas consisted of identifying and counting the organs with granulomas per zebrafish.
Pathological findings were graded by a numerical score based on the number of granulomas, the type
of granulomas, and the number of regions and/or organs involved by granulomatous disease in
each fish. (A) Histopathology and Ziehl-Neelsen (ZN) staining for mycobacteria were used for the
quantification of granuloma lesion scores in the studied organs. The granuloma lesion scores were
compared between groups by Student’s t-test with unequal variance and by a one-way ANOVA test
(https://www.socscistatistics.com/tests/anova/default2.aspx) (p < 0.05; n = 5 for fish PBS vaccinated
and IP PBS, n = 6 for fish PBS vaccinated and mucosal PBS, n = 7 for fish «-Gal vaccinated and
untreated, n = 5 for fish vaccinated and IP M. marinum, n = 8 for fish vaccinated and mucosal
M. marinum, n = 7 for controls and IP M. marinum, and n = 9 for controls and mucosal M. marinum).
(B) Representative histopathology of zebrafish infected with M. marinum. (a) Liver tissue infected
with M. marinum exhibiting tuberculosis-like mature granulomatous formation well-organized and
surrounded by a capsule of connective tissue with complete central necrosis (white arrow). (b) Intestine
from M. marinum-infected zebrafish presenting an early tuberculosis-like granuloma composed of
epithelioid macrophages grouped loosely in lamina propia (asterisk *) and a diffuse epithelioid
macrophages infiltrate in submucosa (white arrowhead). (c) Ovary tissue infected with M. marinum
exhibiting an early tuberculosis-like granuloma composed of an epithelioid macrophage infiltrate
(asterisk *) as well as a mature granuloma with well-defined border of macrophages and central necrosis
(white arrow). (d) Testicle tissue from M. marinum-infected zebrafish showing a mature granuloma
well-defined with early central necrosis (black arrowhead). A high acid-fast bacilli numbers were
present in the central necrotic core of mature granulomas positive to ZN staining ((a), inset), while a
lower bacterial number was observed residing within macrophages in early granulomas ((c), inset).

Early tuberculosis-like granulomas with epithelioid macrophage infiltrates surrounding scattered
mycobacteria were predominant in M. marinum-infected zebrafish in unvaccinated groups with respect
to fish vaccinated with «-Gal, although no significant differences were observed in zebrafish infected by
mucosal M. marinum (36.7% and 50.0% for vaccinated and unvaccinated groups, respectively; p = 0.69)
and IP M. marinum (38.3% and 52.3% for vaccinated and unvaccinated groups, respectively; p = 0.46).
Accordingly, a higher numbers of well-organized granulomas with partial and complete necrosis were
present in not vaccinated and M. marinum-infected zebrafish but without significant differences within
each group (25.8% and 50.0% for vaccinated and not vaccinated mucosal infected groups (p = 0.37)
and 31.7% and 42.0% for vaccinated and not vaccinated IP infected groups (p = 0.53)). The acid-fast
bacilli were found predominantly in necrotic areas and were in greater numbers in fully necrotic than
in partially necrotic zones.

3.4. The a-Gal Content Varies among M. marinum Bacteria

As previously shown [17], M. marinum has «x-Gal on its surface (Figure 5A). However, the x-Gal
content in M. marinum varied from negative or very low levels (37.56% of mycobacteria) to high levels
(3.25% of mycobacteria) of x-Gal (Figure 5B,C). These results showed that not all mycobacteria have
the same «-Gal content with possible functional implications.
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Figure 5. The «-Gal content in M. marinum: (A) Representative immunofluorescence images of
M. marinum Aronson (ATCC 927) reference strain. (B) Density plot representing M. marinum that were
gated by forward (FSC-H) and side (SSC-H) scatter. (C) Mycobacteria are represented in a histogram to
evaluate the relative x-Gal levels (FL1-H). Cells were incubated with the x-Gal epitope monoclonal
antibody M86. FITC-goat anti-mouse IgM-labelled antibody was used as a secondary antibody. Samples
were analyzed on a FAC-Scalibur flow cytometer equipped with CellQuest Pro software. The viable
cell population was gated according to forward-scatter (FSC-H) and side-scatter (SSC-H) parameters.
Aliquots of fixed and stained samples were used for immunofluorescence assays after air-drying and
mounting in ProLong Antifade reagent containing DAPI. The sections were examined using a Zeiss
LSM 800 laser scanning confocal microscope with oil immersion objectives (63x; bars, 10 pm).

3.5. The B-Cell Maturation and TLR2/NF-kB-Mediated Immune Responses Play a Role in Mycobacterial
Infection and Protective Response to a-Gal in Zebrafish

The expression of selected genes previously shown to be involved in vaccine protective mechanisms
and/or fish immune response to infection was characterized by qRT-PCR in experiment 1 at T2 (after
vaccination and treatment/IP infection) and in experiment 2 at T1 (after vaccination and before
treatment/infection) and T2 (after vaccination and treatment/IP or mucosal infection) (Figure 6A-D
and Figure S1A,B). The combined effect of vaccination and treatment/infection at T2 showed that the
IP infection with M. marinum mostly upregulated the expression of selected genes with a higher effect
on fish vaccinated with the adjuvant-containing «-Gal formulation (Figure 6A). In contrast, combined
vaccination with mucosal M. marinum infection resulted in the downregulation or no effect of these
genes (Figure 6B). In experiment 2, the effect of vaccination with x-Gal when compared to PBS-treated
zebrafish at T1 resulted in significant (p < 0.05) upregulation of IL-18, akr2, TLR2, ccr6a, and akr1
(Figure 6C). In zebrafish infected with IP or mucosal M. marinum, the effect of infection when compared
to PBS-treated controls at T2 showed a significant (p < 0.05) downregulation in response to infection
for tnf alpha and akr1 (mucosal infection) and ccr6a (IP infection) genes (Figure 6D).
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Figure 6. Effect of vaccination with x-Gal and mycobacterial infection on the expression of zebrafish
immune response genes: The expression of selected immune response genes was characterized by
qRT-PCR in zebrafish in response to vaccination with «-Gal or PBS and IP/mucosal infection with
M. marinum (Mm). The mRNA levels were normalized against D. rerio gapdh, and normalized Ct values
were compared between groups by Student’s ¢-test with unequal variance (* p < 0.05; Figure S1A,B) and
then represented as (A) the ratio between normalized Ct values in fish «-Gal-vaccinated and PBS or BSA
control IP infected with Mm at T2 (experiment 1, n = 6 for fish x-Gal vaccinated and n = 8 for controls;
experiment 2, nn = 6 for fish x-Gal vaccinated and n = 7 for controls) and (B) the ratio between normalized
Ct values in fish a-Gal-vaccinated and PBS control with mucosal infection with Mm at T2 (n = 8 for fish
«-Gal vaccinated and 1 = 10 for controls). (C) The normalized mRNA levels were compared between
zebrafish vaccinated with x-Gal (n = 18) and PBS (1 = 19) to evaluate the effect of vaccination at T1
by a one-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx) (* p < 0.05).
(D) The normalized mRNA levels were compared between zebrafish vaccinated with PBS and treated
by mucosal or IP route with PBS or Mm to evaluate the effect of infection at T2 by a one-way ANOVA
test (https://www.socscistatistics.com/tests/anova/default2.aspx) (* p < 0.05; n = 6 PBS/mucosal PBS,
n =10 PBS/mucosal Mm, n = 5 PBS/IP PBS, n = 7 PBS/IP Mm).

To further evaluate the combined effect of vaccination and infection with M. marinum on zebrafish
immune response genes, the mRNA levels of selected genes were compared at T1 and T2 in experiment
2 (Figures S2 and S3). The results showed that, as expected, the T1 = T2 mRNA ratio evidences no
effect on immune response genes in fish vaccinated with PBS and treated with IP or mucosal PBS, thus
validating the experimental design and analysis (Figures S2 and S3). The analysis of the different mRNA
profiles showed that most genes had T1 = T2 and T1 > T2 profiles, thus suggesting no differences or a
decrease in the mRNA levels after infection or no treatment in vaccinated fish (Figure S3).

After proteomics analysis, a total of 1777 proteins were identified in the zebrafish intestine (Table
S1). Of them, differentially represented proteins after quantitation and comparative analysis by SWATH
(p < 0.05) corresponded to 635 proteins (314 overrepresented and 321 underrepresented in P1 vs. P2,
effect of IP infection at T2), 706 proteins (302 overrepresented and 404 underrepresented in P1 vs. P3,
effect of mucosal infection at T2), 836 proteins (446 overrepresented and 390 underrepresented in
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P1 vs. P4, effect of vaccination at T1), 780 proteins (191 overrepresented and 589 underrepresented
in P4 vs. P5, effect of vaccination and IP infection at T2), and 790 proteins (216 overrepresented
and 574 underrepresented in P4 vs. P6, effect of vaccination and mucosal infection at T2) (Table S1).
Although proteins encoded by most of the genes analyzed at the mRNA level were not identified in
the proteomics analysis probably due to relatively low protein levels, these results showed an effect of
the vaccination with x-Gal and/or mycobacterial infection in more than 60% of the identified proteins,
suggesting a major impact on fish intestine proteome.

Proteomics analysis was focused on the immune system process proteins with special attention to
those significantly represented (p < 0.05) in response to infection and vaccination (Figure 7A,B, Figure 8,
Figures 54-56). The effect of M marinum after IP (Figure 7A and Figure 54) and mucosal infection
(Figure 7B and Figure S5) showed common overrepresented (e.g., ribosomal proteins, lysine-tRNA
ligase, and leukotriene A4 hydrolase LTA4H) and underrepresented (e.g., complement components
including C3, annexin, and tropomyosin alpha-1) proteins in response to infection (Figure 7A,B).
Other proteins such as interferon (IFN)-g-inducible lysosomal thiol reductase, cathepsin L1, and heat
shock protein 9 (HSP9) were differentially represented in response to either IP or mucosal infection
(Figure 7A,B). The effect of vaccination with x-Gal evidenced the overrepresentation of proteins
such as HSP9 and LTA4H, while complement components including C3, tropomyosin alpha-1, and
annexin were underrepresented (Figure 8 and Figure S6). Other proteins such as ribosomal proteins
were either under- or overrepresented in response to vaccination (Figure 8). Proteins such as DEAD
(Asp-Glu-Ala-Asp) box polypeptide 41 (DDX41) and Rac family small GTPase 2 were underrepresented
or overrepresented, respectively, in response to vaccination but did not change in response to infection
(Figure 7A,B and Figure 8).

A Effect of M. marinum IP infection B Effect of M. marinum mucosal infection
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Figure 7. Proteomics analysis of immune system process proteins in response to M. marinum infection:
Proteins annotated by Gene ontology (GO) using the Blast2GO software in the immune system process
and significantly differentially represented between samples (Student’s t-test; p < 0.05, n = 4) were
included. (A) Effect of M. marinum IP infection on protein representation (P1/P2 ratio) after comparison
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between PBS-vaccinated (P1 at T1; Figure 1B) and IP-infected (P2 at T2; Figure 1B) zebrafish. (B) Effect
of M. marinum mucosal infection on protein representation (P1/P3 ratio) after comparison between
PBS-vaccinated (P1 at T1; Figure 1B) and mucosal-infected (P3 at T2; Figure 1B) zebrafish.
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Figure 8. Proteomics analysis of immune system process proteins in response to vaccination with
«-Gal: Proteins annotated by GO using the Blast2GO software in the immune system process and
significantly differentially represented between samples (Student’s t-test; p < 0.05, n = 4) were included.
Effect of vaccination with a-Gal on protein representation (P1/P4 ratio) after comparison between
PBS-vaccinated (P1 at T1; Figure 1B) and a-Gal-vaccinated (P4 at T1; Figure 1B) zebrafish.

The analysis of the mRNA profiles showed that, while C3 and cxcr4a mRNA levels did not change
throughout the experiment, ccr6a, akr2, and IL-18 levels increased after vaccination with x-Gal and
remained unchanged after infection (Figure 9). However, the mRNA levels for TLR4, tnf alpha, akr1,
and TLR2 remained unchanged or increased after vaccination but decreased after infection (Figure 9).
The profiles of immune response proteins relevant for mycobacterial infection showed that LTA4H
and cathepsin L1 levels increased in response to vaccination or vaccination and infection (Figure 9).
However, the representation profile of DDX41 and lysine-tRNA ligase decreased and increased only
in response to vaccination or infection, respectively (Figure 9). In contrast, the representation profile
for complement components including C3, annexin, and tropomyosin alpha-1 decreased in response
to vaccination and both IP and mucosal M. marinum infection (Figure 9). In summary, these results
showed that the mRNA/protein levels of immune response markers involved in B-cell maturation
(e.g., ccréa) and TLR2/NF-kB-mediated response (e.g., TLR2, akr1, akr2, tnf alpha/IL-18, LTA4H, and
cathepsin L1) are downregulated/underrepresented, are overrepresented, or do no change in response
to mycobacterial infection while upregulated/overrepresented in response to vaccination with a-Gal.
The C3 protein levels showed underrepresentation in response to both vaccination and mycobacterial
infection, a result that correlated with no effect on gene regulation (Figure 9).
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Figure 9. Summary mRNA and protein profiles of selected immune markers in response to vaccination
and infection: The mRNA and protein profiles of selected immune response genes in response to
vaccination at T1 and to treatment-infection at T2 are shown by tendency lines, which were associated
to the corresponding genes or proteins. The results were compiled from qRT-PCR (Figure 6 and
Figure S3) and proteomics (Figure 7A,B and Figure 8) analyses for experiment 2 at T1 and T2 (Figure 1B).
Only statistically significant differences (p < 0.05) in mRNA and protein levels were considered.
The results showed that the mRNA/protein levels of immune response markers involved in B-cell
maturation (e.g., ccr6a), macrophage response (e.g., annexin), and TLR2/NF-kB-mediated response (e.g.,
TLR2, akrl, akr2, tnf alpha/IL-18, DDX41, and Lysine-tRNA ligase) are downregulated by mycobacterial
infection and upregulated in response to vaccination with o-Gal.

4. Discussion

The possibility of using the antibody-mediated immune response against x-Gal for the control of
infectious diseases caused by pathogens with this modification on their surface in hosts such as humans,
birds, and fishes that do not have the capacity to synthesize x-Gal was initially suggested by results in
the malaria mouse model [15]. Then, results in leishmaniasis and Chagas disease further supported
this possibility [18-20], leading to proposing the possibility of development of a single-antigen
pan-vaccine for the control of major infectious diseases worldwide [11,16,17,30]. Pathogens causing
infectious diseases with high incidence worldwide and with «-Gal modifications include Plasmodium,
Mycobacterium, Leishmania, Trypanosoma, Anaplasma, Borrelia, and Aspergillus species and viruses such
as human immunodeficiency virus (HIV), measles virus, vaccinia virus, paramyxovirus, vesicular
stomatitis virus, Sindbis virus, and retroviruses [6,9,14,15,17-21].

The mechanisms behind the possibility of using x-Gal for developing a single-antigen pan-vaccine
for the control of infectious diseases caused by pathogens with this modification on their surface include
pathogen opsonization by anti-«-Gal IgM/IgG-type antibodies and boosting the non-pathogen-specific
protective immune mechanisms [10,14-21]. The immunization with x-Gal will increase the levels of
the natural anti-x-Gal IgM/IgG-type antibodies produced in response to gut microbiota [15] and do
not cause an increase in the IgE-type allergic response to tick saliva, which are involved in triggering
the AGS [1-12,15,40]. Therefore, in principle, the a-Gal-based vaccines could be applied to all hosts
that do not produce x-Gal, but the immune response could be affected by different factors including
the ABO blood groups [17].

In this study, we provided additional support for this proposal by characterizing the protective
effect of the anti-o-Gal immune response for the control of tuberculosis caused by Mycobacterium
spp. using the zebrafish model. The zebrafish model of tuberculosis has been used in our laboratory
for the characterization of the protective response elicited after vaccination with heat inactivated M.
bovis (IV) [27,28]. In these experiments, we showed a reduction of mycobacteriosis in vaccinated
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fish and suggested that the innate immune response mediated by the C3 pathway activated through
TLR-AKR2-IL-1f and other proinflammatory cytokines acted as the protective mechanism against
infection. Herein, the results showed some similarities and differences in the immune mechanisms
activated by vaccination with IV and «-Gal.

The results suggested that M. marinum affects the zebrafish immunity by downregulating the
expression of immune response genes with a stronger effect after mucosal infection that reproduces
better the natural infection conditions. However, alternative innate immune mechanisms may
be activated in response to mycobacterial infection [41]. Similar to vaccination with IV [27,28],
the upregulation of proinflammatory cytokines through the TLR/NF-kB-AKR pathway was shown to
be an a-Gal-induced putative protective mechanism to mycobacterial infection [42-44] (Figure 10).
The use of adjuvant-containing x-Gal formulation showed higher levels of immune response genes in
response to vaccination and infection when compared to x-Gal alone, thus suggesting that adjuvants
may be considered to improve vaccine efficacy. However, the C3 pathway proposed to be involved in
protective response to IV was not activated in «-Gal-vaccinated zebrafish. These results suggested
that mycobacterial x-Gal may be like glycolipids that antagonize TLR2-mediated response (Figure 10).
Cell envelope glycolipids and particularly sulfoglycolipids has been shown to inhibit NF-xB/AKR
activation and subsequent cytokine production by acting as competitive antagonists of TLR2, thereby
inhibiting the recognition of mycobacteria by this receptor [45].
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Figure 10. Immune mechanisms involved in mycobacterial infection and protective response to x-Gal
in zebrafish: Zebrafish naturally produce anti-x-Gal IgM antibodies in response to gut microbiota
with «-Gal modifications. However, vaccination with a-Gal results in higher anti-x-Gal IgM antibody
levels. Additionally, while infection with M. marinum results in ccr6a downregulation, vaccination with
«-Gal upregulates this gene to promote B-cell maturation and antibody production. Differences in
«-Gal content between different mycobacteria may be an adaptive mechanism to prevent the anti-x-Gal
IgM-mediated bacterial opsonization, which nevertheless will be more effective in vaccinated zebrafish.
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This mechanism will also interfere with the a-Gal antagonistic effect to TLR2-mediated immune response.
In this way, while mycobacterial infection interferes with the TLR2/NF-kB pathway, the induction of
the TLR2/NF-kB pathway in response to vaccination will promote the immunity and the FcR-mediated
phagocytosis and macrophage response in vaccinated zebrafish to control mycobacteriosis.

The previously shown role of antibodies against mycobacterial surface-exposed antigens in the
control of tuberculosis [46] was also supported by results of our study. Zebrafish are x-Gal negative
and have natural anti-x-Gal antibodies in response to gut microbiota [29]. Mycobacteria contain
x-Gal on their surface, and therefore, antibodies against this antigen can opsonize M. marinum and
promote Fc-receptor (FcR)-mediated phagocytosis and macrophage response with a higher effect in
vaccinated zebrafish with higher anti-«-Gal antibody levels (Figure 10). The expression of the gene
coding for the CCR6a beta chemokine receptor, which has been implicated in B-lineage maturation
and antigen-driven B-cell differentiation and humoral immunity [47], was downregulated in response
to infection but upregulated in vaccinated zebrafish, thus promoting the production of anti-x-Gal
antibodies (Figure 10). Furthermore, tnf alpha was downregulated by M. marinum infection but not after
vaccination with o-Gal, thus supporting a role for this cytokine in augmenting cell-mediated immunity
in vaccinated zebrafish [46] (Figure 10). Antibody-mediated macrophage activation increases TNF-«
secretion, which plays a major role in macrophage recruitment to the infection site during the initial and
long-term control of tuberculosis [48]. Remarkably, the results showed that not all mycobacteria have
the same a-Gal content, which may constitute an adaptation to escape from the anti-«-Gal antibody
protective response in infected hosts. Nevertheless, higher anti-«-Gal antibody levels in vaccinated fish
may mediate the interference with the x-Gal antagonistic effect to promote TLR2-mediated immune
response (Figure 10).

Despite the finding that fish vaccinated with x-Gal showed a decrease in M. marinum infection
levels, only animals infected with IP M. marinum had a significantly lower number of tuberculous
granuloma lesions when compared to unvaccinated animals, and all M. marinum-infected groups
showed a similar granuloma distribution of affected tissues. The chemokine receptor CXCR4 promotes
granuloma formation and induction of angiogenesis by M. marinum [49]. Furthermore, cxcr4 mRNA
levels increase in patients with tuberculosis whereas amelioration of disease reduces receptor expression
in vivo [50]. The C3 cleavage fragments modulate CXCR4-mediated response [51,52]; TNF-&, which
stimulates the production of C3 [53], is also important in granuloma formation; and its neutralization
results in the loss of granuloma structure [47]. In zebrafish, cxcr4 mRNA levels did not change in
response to vaccination with «-Gal and infection with M. marinum, and tnf alpha was downregulated
in response to infection (Figure 6A-D and Figure 7). These results supported that vaccination with
a-Gal decreases mycobacterial infection by mechanisms not mediated by the C3 pathway that has
been proposed to be involved in protective response to vaccination with IV [27,28,36,54].

5. Conclusions

Vaccination with «-Gal protected against mycobacteriosis in the zebrafish model of tuberculosis.
The results provided evidence that the protective mechanisms in response to vaccination with
«-Gal include B-cell maturation, antibody-mediated opsonization of mycobacteria, FcR-mediated
phagocytosis, macrophage response, interference with the «-Gal antagonistic effect of the
TLR2/NF-kB-mediated immune response, and upregulation of pro-inflammatory cytokines. These
mechanisms result in the decrease of mycobacteria levels through the activation of the humoral and
cellular immune responses. These results provided additional evidence supporting the role of the
a-Gal-induced immune response in the control of infections caused by pathogens with this modification
on their surface and the possibility of using this approach for the control of multiple infectious diseases.
The fact that vaccination with IV and «-Gal activate different immune protective mechanisms suggested
that it may be possible to combine these antigens in future experiments to increase vaccine efficacy
against mycobacterial infection.
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Abstract: Mycobacteriosis affects wild fish and aquaculture worldwide, and alternatives to antibiotics
are needed for an effective and environmentally sound control of infectious diseases. Probiotics
have shown beneficial effects on fish growth, nutrient metabolism, immune responses, disease
prevention and control, and gut microbiota with higher water quality. However, the identification
and characterization of the molecules and mechanisms associated with probiotics is a challenge
that requires investigation. To address this challenge, herein we used the zebrafish model for
the study of the efficacy and mechanisms of probiotic interventions against tuberculosis. First,
bacteria from fish gut microbiota were identified with high content of the surface glycotope Galx1-
3Galp1-(3)4GlcNAc-R (a-Gal) that has been shown to induce protective immune responses. The
results showed that probiotics of selected bacteria with high a-Gal content, namely Aeromonas
veronii and Pseudomonas entomophila, were biosafe and effective for the control of Mycobacterium
marinum. Protective mechanisms regulating immunity and metabolism activated in response to
«-Gal and probiotics with high a-Gal content included modification of gut microbiota composition,
B-cell maturation, anti-a-Gal antibodies-mediated control of mycobacteria, induced innate immune
responses, beneficial effects on nutrient metabolism and reduced oxidative stress. These results
support the potential of probiotics with high x-Gal content for the control of fish mycobacteriosis
and suggested the possibility of exploring the development of combined probiotic treatments alone
and in combination with a-Gal for the control of infectious diseases.

Keywords: probiotic; alpha-Gal; tuberculosis; fish; mycobacteriosis; immunology; vaccine;
metabolism; antibody

1. Introduction

The increasing incidence of infectious diseases associated with intensive aquaculture
and water contamination is a major limitation for economics in aquaculture [1,2]. In
particular, freshwater and marine fish mycobacteriosis caused by Mycobacterium marinum
and other related Mycobacterium species affects wild fish and aquaculture [3,4]. Associated
to it, the use of antibiotics has resulted in a growing prevalence of antibiotic-resistant
pathogens, damage to the environment, reduced fish immunity due to effects on gut
microbiota and risks associated with contaminated food [5-7]. Therefore, probiotics and
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postbiotics are considered an environmentally sustainable alternative to antibiotics for the
prevention and control of infectious diseases in aquaculture.

Probiotics are live microorganisms that guide molecular interactions with potential
beneficial effects to the host [8,9]. Probiotics have shown beneficial effects on fish growth,
nutrient metabolism, immune responses, disease prevention and control, and gut micro-
biota with higher water quality [10,11]. Most probiotics used in aquaculture are lactic acid
or Bacillus spp. due to their safety for mammalian species and production of hydrolytic
enzymes that increase nutrient utilization [12-14]. However, recently, other criteria, such
as species-specificity, pathogenicity, antibiotic resistance, extracellular enzyme production
and antagonistic activity [15], have been applied for the identification of new probiotic bac-
teria, such as Shewanella xiamenensis, Aeromonas veronii [12], Chromobacterium aquaticum [16],
Streptomyces flavotricini [17] and Pediococcus acidilactici [18]. Regarding fish pathogenic
Mycobacterium spp., probiotics have shown reduction in mycobacterial levels [19,20].

One of the main challenges associated with probiotics is the identification and char-
acterization of the molecules and mechanisms associated with its function [9]. Recently,
research has been focused on the characterization of probiotic bacteria-derived postbiotic
biomolecules, such as cell-wall peptidoglycans, because they are safer while retaining
the beneficial effects on fish host [21]. The oligosaccharide Galx1-3GalpB1-(3)4GlcNAc-R
(-Gal) is a glycan linked to proteins and lipids in prokaryotic and eukaryotic organisms
and with potential for the control of infectious diseases [22,23]. The potential of the surface
glycotopes, such as «-Gal, to induce protective immune responses makes them an effective
target for the development of vaccines and probiotic/postbiotic interventions [22-26].

The zebrafish (Danio rerio Hamilton 1822) has been previously validated as a fish
model for the study of tuberculosis, vaccines against mycobacteriosis, fish immunity, gut
microbiota and probiotics efficacy on boosting nutrient metabolism and innate immu-
nity against pathogen infection [16,18,24,27-36]. To address the potential of «-Gal-rich
probiotics for the control of mycobacteriosis, in this, study zebrafish were used for the
identification and characterization of bacterial microbiota x-Gal content. Then, selected
bacteria with high «-Gal content, Aeromonas veronii and Pseudomonas entomophila, were
used as probiotics for the control of Mycobacterium marinum and the study of associated
microbiota and immune-mediated mechanisms. The results showed that treatment with
«-Gal and probiotics with high «-Gal content modified fish gut microbiota composition
and activated protective mechanisms regulating immunity and metabolism.

2. Results and Discussion
2.1. Zebrafish Gut Microbiota Contains Potential Probiotic Bacteria with High x-Gal Content

A methodological approach was developed for the identification and characteriza-
tion of zebrafish native gut potential probiotic bacteria (Figure 1). After incubation, each
morphologically distinct colony (form, color, texture, elevation and margin) was encoded.
From each sampling plate, two representatives of each colony were randomly selected and
subcultured on a separate blood agar and isolated for downstream analyses. A total of two
different bacterial community phenotypes were observed under the identification criteria,
aerobic and anaerobic bacteria in both LRZ and PSZ groups (Table 1). Sanger sequencing
and BLASTN searches of the V3/V4 165 rDNA of five bacterial isolates resulted in 98.4% to
99.8% identity to bacteria previously reported in zebrafish gut microbiota [37-39] (Table 2).
Of them, entries with maximum identity corresponded to P. entomophila (99.8%), S. xiame-
nensis (99.8%) and A. veronii (99.3%) (Table 2). These bacteria were then selected for the
characterization of a-Gal content and glycan structure (Figure 2A-D).
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Figure 1. Methodology for the identification and characterization of zebrafish native gut potential probiotic bacteria. Adult
female and male wild-type AB laboratory-reared zebrafish (LRZ) and pet-store zebrafish (PSZ) were used for analysis.
Potential probiotic bacteria were isolated from the gut or gastrointestinal tract, and bacteria identified with high x-Gal
content, namely A. veronii and P. entomophila, were used for probiotic formulations.

Table 1. Phenotypic characteristics and classification of cultured bacteria isolated from zebrafish gut microbiota.

Organism Colony Description Classification
circular, pink, raised, punctiform bacterial colonies Typel
Aerobic circular, creamy white, raised, bacterial colonies (<5 mm) Type II
irregular, dry white, flat colonies (<5 mm) Type III
Anaerobic circular, creamy white, raised colonies (<5 mm) Type Ib
circular, white, raised, punctiform colonies Type IIb

Table 2. BLAST results of 16S rRNA gene sequences from aerobic bacterial type I colony isolates.

Max Score, Total Score, Query

Genebank Accession References in

D BLAST Match to 165 rRNA Cover, Identity, E-Value Number Zebrafish

NR_112838.1

PSz1 Aeromonas veronii strain JCM 7375 813, 813, 91%, 99.3%, 0.0 NR_118947.1 [37-39]
NR_044845.1

PSZ4 Microbacterium mitrae strain M4-8 773,773, 91%, 99.1%, 0.0 NR_104520.1 [37]

PSz9 Dyadobacter alkalitolerans strain 12116 778,778, 92%, 98.4%, 0.0 NR_044476.1 [39]

LRZ3 Shewanella xiamenensis strain S4 826, 826, 91%, 99.8%, 0.0 NR_116732.1 [37,39]

LRZ9 Pseudomonas entomophila 148 826, 826, 92%, 99.8%, 0.0 NR_102854.1 [37-39]

The maximum identities of all V3/V4 16S rRNA gene sequences were searched by using the GenBank DNA sequence database and

the BLASTN.
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Figure 2. The carbohydrate structure and x-Gal content in potential probiotic bacteria. (A) Density plot representing bacteria
that were gated by forward (FSC-H) and side (SSC-H) scatter. (B) Bacteria are represented in a histogram to evaluate the
relative x-Gal levels (FL1-H). Cells were incubated with the x-Gal epitope monoclonal antibody M86. FITC-goat anti-mouse
IgM-labeled antibodies were used as a secondary antibody. Samples were analyzed on a FAC-Scalibur flow cytometer
equipped with CellQuest Pro software v.4. The viable cell population was gated according to forward-scatter (FSC-H)
and side-scatter (SSC-H) parameters. (C) The percentage of viable cell population with highest «-Gal content (with mean
fluorescence intensity >10° FSC-H; red marks) was compared between different bacteria by one-way ANOVA test (p < 0.005)
followed by post hoc Holm multiple comparisons (* p = 0.002, ** p = 0.02, *** p = 0.04, n = 5 biological replicates). (D) The
bacterial carbohydrate structure for bacteria identified in the zebrafish microbiota with highest x-Gal content, namely
A. veronii and P. entomophila, was characterized by using the Bacterial Carbohydrate Structure Database. The x-Gal was
included as reported here in both bacteria. Compound IDs are shown. IUPAC condensed terms are disclosed in Materials
and Methods.

The results showed that all three bacteria have x-Gal on its surface (Figure 2A,B) with
significantly highest relative levels (>10% FSC-H) in A. veronii (55% cells) and P. entomophila
(26% cells) when compared to S. xiamenensis (7%) (Figure 2C). As a reference, published
data for M. marinum showed 3.2% cells with highest x-Gal content [24]. These results
correlated with the reported carbohydrate structure in these bacteria, in which A. veronii
but not P. entomophila contain galactose in addition to a-Gal in compound ID 12335 [-4)-a-
D-Quip3NAc-(1-3)-a-L-Rhap-(1-4)-b-D-Galp-(1-3_-a-D-GalpNAc-(1-] [40] (Figure 2D).

Among fish-associated bacteria, A. veronii is found in fresh water in association with
vertebrates and invertebrates with virulence factors such as enterotoxin, flagella and outer
membrane proteins that affect fishes and other aquatic animals with high mortality rate
and economic losses [41-48]. Pseudomonas entomophila is commonly found in insects and
soil and is closely related to P. putida [49]. Together with Aeromonas spp., Pseudomonas spp.
are among the most pathogenic Gram-negative bacteria in fish with resistance to multiple
antibiotics commonly used in aquaculture [50,51]. However, A. veronii and Pseudomonas
spp. are also symbionts with possible beneficial effects for the host [12,42,52].
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2.2. Bacteria from Zebrafish Gut Microbiota with High Alpha-Gal Content Are Not Toxic

A basic requirement for probiotics is the safety in treated organisms. To assess this
requirement, the toxicity of bacteria from the zebrafish gut microbiota with highest x-Gal
content, namely A. veronii and P. entomophila, was evaluated by intraperitoneal injection
of different bacterial doses. The results suggested low pathogenicity and toxicity of these
potential probiotic bacteria even at high doses of 1 x 10° CFU per fish (100% and 90%
survival rate for P. entomophila and A. veronii, respectively; Figure 3A). The only symptom
observed in treated fish before dead was abnormal behavior pattern. These results support
the use of these bacteria for probiotic treatments in fish.
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Figure 3. Evaluation of proposed probiotic bacteria in zebrafish. (A) Evaluation of bacterial biosafety. Ten fish per group
were injected intraperitoneally with 1 x 10%, 1 x 107 and 1 x 10% CFU per fish for both A. veronii and P. entomophila,
separately. Fish injected with PBS buffer were used as controls. Bacterial toxicity was evaluated by recording signs and
symptoms of infection and mortality of the injected fish daily for 7 days. (B) Experimental design for protective response
against M. marinum. The effect of immunization with zebrafish gut candidate probiotic bacteria was evaluated with «-Gal
and PBS used as positive and negative controls, respectively. Thirty LRZ were randomly allocated to Group A, commercial
diet with probiotic A. veronii; Group B, commercial diet with probiotic P. entomophila; Group C, commercial diet with
PBS; and Group D, commercial diet with a-Gal immersion. Fish were weighted at the weeks 1-5 and 10 at the end of the
experiment. Gut and sera were collected at weeks 3 (T1), 4 (T2) and 5 (T3) and at the end of the experiment (week 10; T4)
and processed for gut and serum collection for analysis of antibody levels by ELISA, mycobacteria levels by RT-qPCR,
expression of selected immune response gene markers by RT-qPCR, oxidative stress biomarkers and gut microbiome.

2.3. Bacteria from Zebrafish Gut Microbiota with High Alpha-Gal Content Protect Fish
against Mycobacteriosis

Bacteria from the zebrafish gut microbiota with highest x-Gal content and nontoxic
were used as probiotics in fish challenged with M. marinum for the characterization of
protective immune and oxidative stress responses and gut microbiome (Figure 3B).
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The effect of probiotic treatment and challenge with M. marinum was characterized
on the zebrafish mycobacterial infection levels and antibody response (Figure 4A-C and
Figure 5). High animal-to-animal variations in the M. marinum infection determined by
mycobacteria RNA levels were observed in the group treated with the A. veronii probiotic
(Figure 4A). Consequently, a significant difference in mycobacterial infection when com-
pared to control fish was observed only in groups treated with the P. entomophila probiotic
(44% decrease) and x-Gal (38% decrease) (Figure 4A). However, the IgM antibody levels
against Mycobacterium P22 and «-Gal were significantly lower and higher in all probiotics
or «-Gal treated groups when compared to controls, respectively (Figure 4B). Accordingly,
anti-P22 antibody titers significantly increased from T1 (before M. marinum infection) to
T4 (after infection) only in the control group while anti-x-Gal antibody levels increased
only in treated groups (Figure 5). These results suggested that the previously demon-
strated protective antibody response to x-Gal [23,24] increased in response to probiotics
and «-Gal treatments, which translated into lower anti-P22 antibody levels likely reflecting
reduction in mycobacterial infection. In support to this finding, a correlation analysis
was conducted between antibody titers and M. marinum infection RNA levels to show a
significant positive and negative correlation for anti-P22 and anti-x-Gal antibody titers,
respectively (Figure 4C). The results of this trial supported that A. veronii and P. entomophila
may be used as probiotics against fish mycobacteriosis.
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Figure 4. Effect of probiotic treatment and challenge with M. marinum on the zebrafish mycobacterial infection levels and

antibody response. (A) Mycobacterium RNA levels were characterized by RT-qPCR in immunized and control PBS zebrafish

challenged with M. marinum, normalized against D. rerio gapdh. The normalized Ct values were compared between treated

and negative PBS control groups by Student’s t-test with unequal variance (p < 0.05; n = 10-17/group). (B) Anti-a-Gal and

P22 IgM antibody titers were characterized by ELISA in immunized and control PBS zebrafish challenged with M. marinum.

The o.d. at 450 nm (mean of the duplicate well values of 0.d. P22 or x-Gal-o.d. PBS control plus standard deviation, SD)

were compared between treated and negative PBS control groups at T4 by Student’s t-test with unequal variance (p < 0.005;
n =12-20/group). (C) Spearman’s Rho correlation analysis between antibody titers and M. marinum infection RNA levels

(p < 0.005).
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Figure 5. Anti-a-Gal and P22 IgM antibody titers in immunized and control PBS zebrafish challenged with M. marinum.
Anti-«-Gal and P22 IgM antibody titers were characterized by ELISA. The o.d. at 450 nm (mean of the duplicate well
values of 0.d. P22 or «-Gal - 0.d. PBS control) was compared between different time points (T1 to T4) by one-way ANOVA

test (p < 0.05), followed by post hoc Holm multiple comparisons between T1 and T4 (* p < 0.01, ** p < 0.04, *** p < 0.05,
n =3-20/group). The time of infection challenge with M. marinum is shown with red arrows.

2.4. Treatment with Probiotic Bacteria with High a-Gal Content Induce the Expression of Immune
Response and Nutrient Metabolism Genes

For the characterization of probiotic-induced mechanisms, immune response (ccréa,
tlr2, akr2, IL-1f3, C3, IL-6, tnf-a and NF-kB) and nutrient metabolism (/k-1) genes were
selected, as they were previously shown to be involved in zebrafish immune protec-
tive mechanisms and response to immunization with «-Gal and probiotics [16,24,32,53]
(Figure 6A,B). The expression of selected genes was characterized in the gut involved in
both innate and adaptive fish immunity [35,53,54]. The effect of treatment with probi-
otics or -Gal and M. marinum infection at the end of the trial (T4) corroborated previous
results in «-Gal-immunized zebrafish [24] with upregulation of ccr6a, tir2, ak2 and IL-
1f3 (Figure 6A). The characterization of the effect of probiotics/ x-Gal treatments before
(T1/T3) and after (T4) infection with M. marinum showed upregulation of 1k-1 and IL-6 in
response to «-Gal treatment and upregulation of hik-1, IL-6, tnf-« and NF-kB in response to
a-Gal treatment and M. marinum infection (Figure 6B; Supplementary Materials Figure S1).
The treatment with probiotic A. veronii resulted in the upregulation of ccréa and tnf-a before
and after mycobacterial infection, respectively (Figure 6B; Supplementary Materials Figure
S1). However, the ccr6a and tlr2 mRNA levels decreased after treatment with probiotic
A. veronii and M. marinum infection (Figure 6B; Supplementary Materials Figure S1). The
treatment with P. entomophila upregulated tnf-a before infection and tnf-a, IL-6 and hk-1 after
infection (Figure 6B). Gene expression levels did not vary in control zebrafish (Figure 6B;
Supplementary Materials Figure S1), thus supporting those changes in gene mRNA were
not in response to mycobacterial infection only.
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Table 3. List of significant differentially represented bacterial taxa in zebrafish microbiota.

a-Gal vs. Control at Pre-Challenge

Taxon Diff.btw Diff.win Effect Overlap We.ep We.eBH
Roseomonas 13.542346 2.9935668 4.663723 0.000233886 3.212340e-04 0.02402259
Tabrizicola 5.322295 0.9551066 5.490361 0.000233886 1.855949¢-05 0.00295325

P. entomophila Probiotic Treatment vs. Control at Post-Challenge

Taxon Diff.btw Diff.win Effect Overlap We.ep We.eBH
Barnesiella —2.124928 0.4827484 —3.883899 0.000140345 0.0003810454 0.02501155
Defluviicoccus —2.790908 0.9249851 —3.087608 0.000140345 0.0003750165 0.02514513
Arenimonas —1.797804 0.6606933 —2.640389 0.000140345 0.0006246535 0.03367145
Bradyrhizobium —1.208369 0.5903415 —2.048345 0.000140345 0.0017745113 0.04961546
Gemmobacter 12.002481 3.4395137 3.290789 0.000140345 0.0019083535 0.04779711
Rubrivivax 10.355734 2.8742810 3.437225 0.000140345 0.0017269486 0.03403588
Dinghuibacter 8.695993 2.4873367 3.648279 0.000140345 0.0027296612 0.04676323
Cg’:f;glt:s 9.832489 25879052 3.665712 0.000140345 0.0016078763 0.03464549
Tabrizicola 10.649151 2.5152927 4.325241 0.000140345 0.0020747599 0.03980276

The results were obtained by using the AIDEx2 algorithms. Abbreviations: diff.btw, median difference between groups on a log base
2 scale; diff.win, largest median variation within groups; effect, effect size of the difference, median of diff.btw/diff.win; overlap, confusion
in assigning and observation; we.ep, expected value of the Welch Test value; we.eBH, expected value of the Benjamini-Hochberg corrected
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Figure 6. Expression of zebrafish immune-response genes in response to x-Gal and probiotic bacteria. The RT-qPCR was
performed for the analysis of gene mRNA levels, using specific primers and conditions (Table 3). (A) The RNA normalized
Ct values were compared between groups at T4 (end of the trial) by one-way ANOVA test followed by post hoc Holm
multiple comparisons (https:/ /astatsa.com/OneWay_Anova_with_TukeyHSD/; * p < 0.05, n = 3-20/group). (B) The
RNA normalized Ct values were compared between T1 and T3/T4 by Student’s f-test with unequal variance (* p < 0.05,
**p <0.005; n = 12-20/group). Abbreviation: ND, not detected. High-resolution graphs are shown in Supplementary
Materials Figure S1. (C) Antioxidant capacity in serum (Ta) was determined by using the potassium permanganate method
and Ta values were compared between treated and control groups at T4 by Student’s t-test with unequal variance (p < 0.05;
n =14-20/group). Data are shown as mean + SD.
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2.5. Treatment with Probiotic Bacteria with High a-Gal Content Reduces Oxidative Stress in Fish

The serum total antioxidant capacity (Ta) was used to evaluate the effect of probi-
otics with high x-Gal content on fish oxidative stress (Figure 6C). The results showed a
significant increase in Ta in fish treated with probiotic P. entomophila (Ta = 8.528 4 0.711 vs.
8.210 + 0.396 in control group). This Ta value is high when using human sera from young
individuals as a reference [55] and supports an effect of probiotic P. entomophila on reducing
the oxidative stress in treated fish. Probiotic treatments have resulted in increased serum
total antioxidant capacity to facilitate prevention of oxidative stress that causes cellular
damage and affects immune response in fish [56-59]. Furthermore, modulation of oxidative
defenses has been correlated with protection against mycobacteriosis in fish [60,61].

2.6. Microbiota Composition Varies in Response to Treatment with Probiotic Bacteria and n-Gal

Immune training by fish gut microbiota is a core mechanism for the activation of
protective responses against pathogen infection [31]. In humans, the composition of gut
microbiota and microbiome driven immunomodulation affect protection against tuberculo-
sis [62]. However, in fish these mechanisms are poorly understood.

Our study characterized the zebrafish gut microbiota to explore the effect of A. veronii
and P. entomophila probiotics and «-Gal treatments on microbial populations and the
immune response to M. marinum. Following 165 rRNA gene sequencing and filtering
a total of 8922 amplicon sequence variants (ASVs) were assigned and distributed into
39 phyla, 93 classes, 205 orders, 311 families and 646 genera (Supplementary Materials File
S1: Data S1), using the DADAZ2 algorithm. For further analysis, ASVs with low counts
and those with prevalence lower than 0.01% were filtered to remove spurious ASVs in
the bacterial dataset. The results showed that the zebrafish gut microbiota in all experi-
mental groups and at each time point (pre-challenge and post-challenge) is dominated by
members of the phylum Proteobacteria (genera Aeromonas, Acinetobacter, Gemmobacter and
Plesiomonas) followed by Bacteroidota (genera Cloacibacterium), Firmicutes, Actinobacte-
ria and Planctomycetota phyla (Supplementary Materials File S1: Figures 52-54). These
microbial composition trends have been previously reported in the zebrafish gut micro-
biota [37,63].

To examine the dissimilarities in community composition between experimental
groups at each time point (pre-challenge and post-challenge), beta diversity metric was as-
sayed by using Bray—Curtis dissimilarity in univariable PERMANOVA models. The results
showed significant differences between experimental groups (A. veronii probiotic treat-
ment, P. entomophila probiotic treatment, and x-Gal) and controls at the pre-challenge stage
(p = 0.004, R? = 0.18), but not at the post-challenge stage (p = 0.128, R? = 0.19) (Figure 7A).
These results suggested that before M. marinum challenge the gut zebrafish microbial
community differences observed might be attributed to the effect of treatments (A. veronii
probiotic, P. entomophila probiotic and «-Gal) (Figure 7A). However, the challenge with
M. marinum likely resulted in the disturbance of gut microbiota in all experimental groups
(Figure 7A). From the taxonomic assignments, we observed that the genera Aeromonas, Pseu-
domonas and Mycobacterium are present in all experimental groups at both pre-challenge and
post-challenge time points (Figure 7B), thus providing evidence of their ubiquity within
the zebrafish microbial community. At the pre-challenge stage, the relative abundance of
the genus Aeromonas in the A. veronii probiotic, x-Gal and control groups was higher than
the genus Pseudomonas (Figure 7B). This finding could be associated with differences in the
colonization rates and gut adaptation requirements for each bacterium and as the result
of competitive microbial interactions [63,64]. In response to the M. marinum challenge,
a decrease in the relative abundance of the genera Aeromonas and Pseudomonas occurred
throughout all the experimental groups (Figure 7B).
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Figure 7. Zebrafish gut microbiota composition in response to probiotic and «-Gal treatments. (A) Principal component
analysis of zebrafish gut microbiota grouped by treatment at pre-challenge and post-challenge stages. PCA ordination is
based on the Bray—Curtis dissimilarity calculated with randomly rarefied data with no replacement applied to the centered-
log transformed clr counts. The percentage of variation is explained by the principal components in the axis, PC1 and
PC2. Ellipses indicate 95% confidence intervals. Each point represents one sample, and colors represent treatments /control
groups. The closer the points are to one another, the more similar the microbiome composition of the samples are and vice
versa. Adonis function in R software was used for PERMANOVA test to evaluate differences between groups. (B) Pie charts
display the relative abundance of the genera Aeromonas, Pseudomonas, Mycobacterium and other found on each treatment
group at pre-challenge and post-challenge stages. Relative abundance (%) of each genus was calculated from the ASVs raw
counts obtained with DADA2 and normalized by total sum scaling.

Then, we further explored whether the gut microbiota differences observed between
the experimental groups are induced by changes in the abundance of specific taxa. The
differentially abundant taxa of the zebrafish gut microbiota are displayed in the effect
size plots shown in Figure 8A,B for A. veronii and P. entomophila probiotics and «-Gal
treatment groups in comparison to controls at pre-challenge and post-challenge stages.
The effect size plots showed the presence of differential taxa at both pre-challenge and
post-challenge stages (Figure 8A,B). We filtered the list of significantly different taxa found
in the effect size plots of both groups generated with ALDEx2 to show only those taxa
for which the expected Benjamini-Hochberg p-value was less than 0.05 (Table 3). From
these results, we can conclude that, at pre-challenge stage, the A. veronii and P. entomophila
probiotic treatments do not affect to the whole structure of the zebrafish gut microbiota, as
no differential abundant taxa were found in in those groups. Based on our identification
of bacteria with high x-Gal content in Zebrafish gut microbiota (Figure 2 and Table 2),
this is an expected result, as A. veronii and P. entomophila are natural resident bacteria of
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zebrafish (Table 2) and other fish species [12]. Therefore, no disturbance was observed
at the pre-challenge stage for treatments with these probiotic bacteria. In contrast, at the
pre-challenge stage the comparison of a-Gal treatment and control groups resulted in
few differential taxa (Figure 8A), a result that supports a role for x-Gal glycan in shaping
the microbiota composition [25,65,66]. However, at the post-challenge stage differentially
abundant taxa were observed only in the P. entomophila probiotic treatment when compared
to the control group (Figure 8B). These results suggested a change in the gut microbial
community composition in zebrafish treated with P. entomophila probiotic and infected with
M. marinum. Nevertheless, whether these observed differential taxa were directly related
to M. marinum infection by means of competition and/or activation of immune system
pathways needs to be further explored.
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Figure 8. Differential abundance of bacterial taxa in zebrafish gut microbiota. (A) Taxa differential abundance of each
treatment group vs. control at pre-challenge stage. (B) Taxa differential abundance of each treatment group vs. control at
post-challenge stage. Taxa differential abundance was calculated with ALDEX2 and summarized in the effects size plots. The
left MA plots (log-ratio abundance) show the relationship between abundance (log-ratio abundance is the cIr value of each
feature) on the x-axis and difference on the y-axis. The right plot (dispersion) is an effect plot that shows the relationship
between difference and dispersion through the expected value of the log-difference between groups on the y-axis and the
maximum within-group dispersion on the x-axis. In both plots, each point represents an individual ASV from the dataset at
genus level. Taxa that are not significant are represented by gray or black points. Taxa that are statistically significant are
represented by red points (Welch’s test, p < 0.05). Points marked with red arrows are more abundant in x-Gal treatment
samples at pre-challenge stage or in P. entomophila probiotic treatment samples at post-challenge stage when compared to
controls. Points marked with blue arrows are more abundant in control than in P. entomophila probiotic treatment samples at

post-challenge stage.
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To characterize a possible association between the zebrafish gut microbiota and the
IgM antibody response to x-Gal and Mycobacterium P22, a correlation analysis was per-
formed between the abundance of bacterial taxa at genus level and antibody titers. We
observed a pattern of significantly correlated taxa with anti-x-Gal IgM in all the experi-
mental groups when compared at the pre-challenge and post-challenge time points, with a
notable increase of significant taxa that correlate positively at the post-challenge time point
in the a-Gal treatment group (Figure 9A). It has been demonstrated that certain bacteria
from the zebrafish gut microbiota contain x-Gal on its surface (Table 2) [35], and thus the
immunity induced in response to «-Gal treatment may negatively affect the zebrafish gut
microbiota bacteria containing o-Gal [67,68]. In contrast, we did not observe a clear pattern
of the significantly correlated taxa with anti-P22 IgM antibody titers (Figure 9B).

A. veronii probiotic vs Control P. entomophila probiotic vs Control
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Figure 9. Correlation between zebrafish gut microbiota and antibody response. Heatmaps of the significantly correlated taxa
with (A) anti-a-Gal and (B) anti-P22 IgM titers for each experimental group and at each stage (pre-challenge, post-challenge).
Pearson correlations between zebrafish gut microbiota and anti-x-Gal and P22 IgM antibody titers were calculated with
ALDEX2, using the aldex.corr function analysis, as implemented in R.
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2.7. Mechanisms Mediating Protection against Mycobacteriosis by Probiotics with High
«-Gal Content

Based on the results of this study together with previous findings in fish immunized
with «-Gal or heat-inactivated M. bovis and protected against mycobacteriosis [24,32,33], we
proposed mechanisms regulating immunity and metabolism induced by probiotic bacteria
with high «-Gal content (Figure 10). These mechanisms included B-cell maturation, anti-
«-Gal antibodies-mediated control of mycobacteria, induced innate immune responses
and beneficial effects on nutrient metabolism and oxidative stress. Additionally, in the
zebrafish model, the results suggested a role of immune system pathways in response to
probiotics and «-Gal that are related to the microbiota composition [69-71].
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Figure 10. Protective mechanisms activated in response to x-Gal and probiotics with high x-Gal content. Mechanisms
regulating immunity and metabolism induced by a-Gal and probiotic bacteria with high x-Gal content included modification
of gut microbiota composition, B-cell maturation, anti-a-Gal antibodies-mediated control of mycobacteria, induced innate
immune responses, beneficial effects on nutrient metabolism and reduced oxidative stress. Probiotics activated different
mechanisms associated with the response to x-Gal.

Antibody-induced
FcR-mediated
phagocytosis and
macrophage response

Mycobacteria contain x-Gal on their surface, and zebrafish, similar to humans, evolved
as «-Gal negative and produce natural anti-x-Gal antibodies in response to bacteria in
the gut microbiota with this modification [24,35]. Therefore, the increase in the antibody
levels to x-Gal in response to probiotics support a protective mechanism by antibody-
mediated opsonization of mycobacteria through interactions with surface-exposed antigens
and promotion of Fc-receptor (FcR)-mediated phagocytosis [24,72]. In accordance with
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these results, the expression of the CCR6a beta chemokine receptor coding gene that is
implicated in B-lineage maturation and antigen-driven B-cell differentiation and humoral
immunity [73], was upregulated in response to x-Gal and probiotic A. veronii to promote
the production of anti-x-Gal antibodies. To interfere with protective responses induced by
treatment with probiotic A. veronii, M. marinum infection downregulated the expression of
ccr6 and tlr2.

The upregulation of proinflammatory cytokines (ILs and TNF-«) through the TLR/NF-
kB-AKR innate immune pathway has been implicated in the x-Gal-induced protective
mechanism to mycobacterial infection [24,72,74-77]. The activation of macrophages by
anti-o-Gal antibodies increases TNF-a« secretion which may promotes macrophage re-
cruitment to the infection site with a role during the initial and long-term control of
tuberculosis [24,78]. Additionally, a-Gal on mycobacterial membrane may be similar to
glycolipids that antagonize TLR2-mediated response to inhibit NF-kB/AKR activation
and subsequent cytokine production, a process which may be interfered by the anti-x-Gal
antibodies [24,77].

In fish as in other organisms the enzyme HK-1 has a role in glycolysis [79]. Higher ex-
pression levels of hik-1 in response to treatment with x-Gal and probiotic P. entomophila sug-
gested a beneficial effect of x-Gal-containing probiotic bacteria on nutrient metabolism. Sim-
ilar results have been reported in fish treated with xylanase-producing probiotics [16,34,80].
Additionally, proinflammatory cytokines such as TNF-a and IL-6, upregulated here by
«-Gal and probiotic P. entomophila, have been implicated in the regulation of HK-1 through
the mitogen-activated protein kinase (MAPK) pathway [81].

Probiotic A. veronii and P. entomophila specific signatures showed differences associated
with these treatments (Figure 10). A. veronii with higher x-Gal content was the only
probiotic inducing B-cell maturation, which was reverted by M. marinum infection, a
finding that together with #lr2 downregulation may explain the absence of significant
differences in mycobacterial infection levels in these fish (Figure 4A). In contrast, probiotic
P. entomophila was the only upregulating IL-6 resulting in the MAPK-mediated induction
of HK-1-associated beneficial effect on nutrient metabolism. Probiotic P. entomophila was
also the only treatment resulting in an increase of serum total antioxidant capacity, which
facilitates immune response by preventing the oxidative stress in these fish. Finally, both
probiotic bacteria induced innate immune response trough TNF-« upregulation. Other
mechanisms associated with TLR2, AKR2, NF-kB and IL-18 were regulated only in response
to «-Gal and induced modifications in gut microbiota composition may enhance the
protective response to infection.

3. Materials and Methods
3.1. Zebrafish

Wild-type adult (6-8 months old) AB female and male laboratory-reared zebrafish
(LRZ) were kindly provided by Juan Galceran Saez from the Instituto de Neurociencias
(IN-CSIC-UMH|, Sant Joan d’Alacant, Alicante, Spain). These zebrafish were certified by
Biosait Europe S.L. (Barcelona, Spain; https:/ /biosait.com) as free of major fish pathogens,
such as Mycobacterium spp., Pseudoloma neurophilia, Pseudocapillaria tomentosa and zebrafish
retroviruses. Pet-store zebrafish (PSZ) female and male adults (6-8 months old) were
purchased from a pet store in Ciudad Real (Spain) and transported to the microbiology
laboratory installations at the IREC for immediate processing. The zebrafish were main-
tained in a flow-through water system at 27 °C, with a light/dark cycle of 14 h/10 h,
and fed twice daily with dry fish feed (Premium food tropical fish, DAPC, Valladolid,
Spain). Experiments were conducted in strict accordance with the recommendations of
the European Guide for the Care and Use of Laboratory Animals. Animals were housed
and experiments conducted at the experimental facility (IREC, Ciudad Real, Spain) with
the approval and supervision of the Ethics Committee on Animal Experimentation of
the University of Castilla La Mancha (PR-2018-06-13) and the Counseling of Agriculture,
Environment, and Rural Development of Castilla La Mancha (ES130340000218).
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3.2. Sampling and Bacterial Culture from Zebrafish Gut Microbiota

Potential probiotic bacteria were isolated from the gut of LRZ and PSZ (n = 10 each)
(Figure 1). The culturable microbiota was sampled as previously described [38]. The
ventral belly surface of freshly euthanized fish was opened with sterilized microsurgical
blade and forceps under a light source. The intestinal system was transferred to 1.5 mL
tubes containing 200 uL sterile PBS. The intestines were homogenized with a motorized
pestle and disposable plastic loops were used to streak four serial dilutions on 5% chicken
blood agar (Rockland antibodies and assays, Rockland Immunochemicals, Inc., Limerick,
PA, USA) and TSA agar (Sigma-Aldrich, St. Louis, MO, USA) bacteriological plates for
isolation of aerobic and anaerobic bacteria, respectively. The plates were incubated at
28 °C and followed by inspections every day for up to 1 week. After incubation, each
morphologically distinct colony (form, color, texture, elevation and margin) was encoded.
From each sampling plate, two representatives of each colony were randomly selected,
subcultured on separate blood agar and isolated for downstream analyses. A total of
5 phenotypes of different bacterial colonies were isolated in both LRZ and PSZ groups and
classified (Table 1).

3.3. Bacterial DNA Extraction and 16S rRNA Gene Amplification and Sequencing

Genomic DNA was extracted from 5 different aerobic bacterial type I colony isolates
(Figure 1 and Table 1) from LRZ and PSZ, using the direct boiling method [82]. The ampli-
fication of the 165 rRNA gene V3/V4 regions was carried out by PCR, using the primers 16S-
341F: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-
3’ and 16S_805R: 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVG-
GGTATCTAATC-3' in a final volume 25 uL (2 pL of DNA template (20 ng), 16 uL H,O,
0.5 pL of dNTPs (10 nM), 2.0 uL of MgCI2 (25 mM), 0.1 uL. AmpliTaq Gold DNA poly-
merase (Life Technologies, UK), 1 uL of each primer (10 nM) and 2.5 uL PCR Gold
Buffer (Life Technologies, Carlsbad, CA, USA). An initial denaturation step at 95 °C
for 10 min was followed by 35 cycles of pre-amplification at 94 °C for 30 s, 55 °C for
30 s and 72 °C for 30 s, followed by a final elongation step at 72 °C for 10 min. All
PCR products were purified by using the ExoSap-IT PCR Product Clean-Up kit (Ap-
plied Biosystems, Foster City, CA, USA) following the manufacturer’s instructions and
Sanger sequenced, using the ABI PRISM® 3730 platform (Applied Biosystems) at the
Genomic Unit (Campus Moncloa, University Complutense of Madrid, Madrid, Spain;
https:/ /www.ucm.es/english/genomics-and-proteomics). All the V3/V4 16S rRNA gene
sequences were edited by using SnapGene software (https://www.snapgene.com, accessed
on 30 June 2020) and the maximum identities were searched by using the GenBank DNA
sequence database and the Nucleotide Basic Local Alignment Search Tool (BLASTN;
https:/ /blast.ncbinlm.nih.gov/Blast.cgi, accessed on 30 June 2020) (Table 2).

3.4. Analysis of Bacterial a-Gal Content

The analysis of x-Gal content was conducted in selected aerobic type I bacteria with
maximum 165 rRNA gene sequence identity (99.3-99.8%; Table 2) (Figure 1). The P. ento-
mophila (type strain, DSM 28517), S. xiamenensis (type strain, DSM 22215) and A. veronii
(type strain, DSM 7386) were obtained from the German Collection of Microorganisms and
Cell Culture (DSMZ Leibniz Institute, Braunschweig, Germany; https:/ /www.dsmz.de).
The flow cytometry analysis of bacterial x-Gal content was conducted as previously de-
scribed [24,35]. Bacteria were washed in PBS, fixed and permeabilized with the Intracell
fixation and permeabilization kit (Immunostep, Salamanca, Spain) following manufac-
turer’s recommendations. The cells were incubated with 3% human serum albumin (HSA,
Sigma-Aldrich) in PBS, for 1 h, at room temperature (RT). Then, cells were incubated
for 14 h at 4 °C with the «-Gal epitope monoclonal antibody (M86, Enzo Life Sciences,
Farmingdale, NY, USA) diluted 1:50 in 3% HSA /PBS. FITC-goat anti-mouse IgM (Abcam,
Cambridge, UK) labelled antibody (diluted 1,/200 in 3% HSA /PBS) was used as a sec-
ondary antibody and incubated for 1 h, at RT. Samples were analyzed on a FAC-Scalibur




Characterization of the immune response to alpha-Gal antigen
and possibilities for the control of infectious diseases

Pharmaceuticals 2021, 14, 635 16 of 26

flow cytometer equipped with CellQuest Pro software v.4 (BD Bio-Sciences, Madrid, Spain).
The viable cell population was gated according to forward-scatter (FSC-H) and side-scatter
(SSC-H) parameters. The viable cell population was gated according to forward-scatter
(FSC-H) and side-scatter (SSC-H) parameters. The percentage of viable cell population with
highest «-Gal content (mean fluorescence intensity >10% FSC-H) was compared between
different bacteria by one-way ANOVA test (p < 0.005) followed by post hoc Holm multiple
comparisons (https://astatsa.com/OneWay_Anova_with_TukeyHSD/; p < 0.05, n =5
biological replicates).

3.5. Bacterial Carbohydrate Structure

The bacterial carbohydrate structure for bacteria identified in the zebrafish microbiota
with highest a-Gal content, namely A. veronii and P. entomophila, was characterized by using
the Bacterial Carbohydrate Structure Database (http://csdb.glycoscience.ru/bacterial /mai
n.html) [83-86]. Symbol nomenclature for glycans is disclosed at the database (http://csdb
.glycoscience.ru/database/index.html?help=eog). The International Union of Pure and
Applied Chemistry (IUPAC; https://iupac.org) condensed terms for the glycan structure
are ndHex (Deoxy-hexose; http:/ /www.monosaccharidedb.org/display_monosaccharide.
action?name=deoxy-HEX), Rha (L-Rhamnose; http:/ /www.monosaccharidedb.org/displ
ay_monosaccharide.action?name=?LRhap), FucNAc (N-acetyl-L-fucosamine; http:/ /ww
w.monosaccharidedb.org/display_monosaccharide.action?name=LFucpNAc), QuiNAc
(N-acetyl-D-quinovasomine; http:/ /www.monosaccharidedb.org/display_monosacchar
ide.action?name=DQuipNAc), Gal (D-galactose; http:/ /www.monosaccharidedb.org/d
isplay_monosaccharide.action?name=?DGalp), GalNAc (N-acetyl-D-galactosamine; http:
/ /www.monosaccharidedb.org/display_monosaccharide.action?name=DGalpNAc) and
GlcNAc (N-acetylglucosamine; https:/ /pubchem.ncbi.nlm.nih.gov/compound /N-Acetyl-
D-Glucosamine). All databases were accessed in 28 February 2021.

3.6. Probiotic Bacteria

Bacteria identified in the zebrafish microbiota with highest -Gal content, A. veronii
(type strain, DSM 7386) and P. entomophila (type strain, DSM 28517) were used for probiotoic
preparation (Figure 1). The strains were inoculated on Luria broth (LB) agar plates for
pure culture by using bacterial incubator to provide appropriate temperature to bacterial
growth at 37 °C for A. veronii and 28 °C for P. entomophila for 24 h. The strains cultured
on LB agar plates were stored at 4 °C for use. Bacteria were cultured on LB agar plates
repeatedly every 1 to 2 days to keep them viable. Moreover, the cultures were also stored
in LB liquid medium containing sterile 50% glycerol at —80 °C for long-stem storage.

3.7. Toxicity Assessment of A. veronii and P. entomophila

Toxicity of probiotic bacteria was assessed as previously described [16]. Adult female
and male PSZ (6-8 months old; n = 80) with an average weight of 266 &= 59 mg were
acclimatized for 7 days as described above (Section 3.1). A total of 10 fish per group were
injected intraperitoneally with 10 uL of the diluted bacterial solution of 1 x 10%,1 x 107
and 1 x 10® CFU per fish for both A. veronii and P. entomophila, separately. Fish injected
with PBS buffer were used as controls. Bacteria were cultured in LB broth for 24 h, at 37 and
28 °C for A. veronii and P. entomophila, respectively, and centrifuged at 4600x g for 20 min
at 4 °C. The cell pellets were then suspended in an appropriate volume of PBS. Bacterial
toxicity was evaluated by recording signs and symptoms of infection and mortality of the
injected fish daily for 7 days.

3.8. Probiotic Formulation and Feed Administration

The probiotic formulation was prepared by using the coating and drying proce-
dure [87] with some modifications (Figure 1). The probiotic suspension was prepared in
500 mL of fresh LB to grow A. veronii and P. entomophila for 24 h at 37 and 28 °C, respec-
tively, and achieving an o.d. 600 of 1.5-2.0. Then, cultures were centrifuged at 4600x g



CHAPTER 3. Protective capacity and mechanisms in response to alpha-Gal

Pharmaceuticals 2021, 14, 635

17 of 26

for 20 min at 4 °C to produce the bacterial pellet. Pelleted bacteria were then washed
twice in 1 mL sterile PBS and approximately 2 g of cell mass were diluted in 100 mL of
sterile PBS to make the final probiotic suspension. The probiotic suspension was prepared
freshly every week during the duration of the experiment. The probiotic suspension pre-
pared for A. veronii and P. entomophila was manually spread in petri dishes to coat the
feed and let it dry for 30 min under constant airflow. Finally, the probiotic-treated groups
received a commercial staple food consisting of soft granules with 4% insect meal (Sera
Vipagran Nature, D52528, Heinsberg, Germany) containing the probiotic bacteria tested
at a final concentration of 108 CFU/g. The probiotic bacterium was mixed into the diet
before feeding and prepared freshly every day during the duration of the experiment. The
viability of the probiotic suspension was monitored in the probiotic diet by plate count
from 1 g of the probiotic suspension coated feed incubated for 5 min in 9 mL of sterile PBS,
gently homogenized and serial dilutions cultured for 24 h on LB agar at 37 °C or 28 °C for
A. veronii and P. entomophila probiotic suspension, respectively. All fish received a quantity
of food ranging from 1.5% to 2% of their body weight per day during the experiment.

3.9. Zebrafish Treatment with Probiotics and Challenge with M. marinum

The experiment was designed to evaluate the effect of treatment with zebrafish gut
candidate probiotic bacteria. Bovine serum albumin (BSA) coated with x-Gal («-Gal;
Dextra, Shinfield, UK) and PBS were used as positive and negative controls, respectively
(Figure 3). Thirty LRZ were randomly allocated to different experimental groups with
a similar number of adult females and males (Group A: commercial feed with probiotic
A. veronii, Group B: commercial feed with probiotic P. entomophila, Group C: commercial
feed with PBS, Group D: commercial feed with o-Gal immersion). For x-Gal treatment, fish
were immunized by immersion n 200 mL of water from the fish tanks where 5 ug of «-Gal
was added per fish for 30 min at weeks 2 and 5 (Figure 3). PBS was added to the commercial
diet at a proportion of 500 uL per gram feed. Fish were weighted at the weeks 1-5 and 10
at the end of the experiment. Gut and sera were collected at weeks 3 (T1), 4 (T2) and 5 (T3)
(3 fish per group) and at the end of the experiment (week 10; T4). The M. marinum Aronson
(ATCC 927) was cultured at 29 °C in 7H9 broth enriched with Middlebrook ADC (Becton
Dickinson) and prepared for infection as previously described [24,27,32,33]. To verify
the bacterial dose, M. marinum samples were diluted and plated on 7H10 agar enriched
with Middelbrook OADC (Becton Dickinson) for counting bacterial colonies. Fish were
mucosally infected at week 7 with a dose equivalent to 48+7 cfu of M. marinum per animal
causing a chronic tuberculosis-like disease in zebrafish [24,33]. At week 10, fish were
euthanized with immersion in 0.04% MS-222 and processed for gut and serum collection
for analysis of antibody levels by ELISA, mycobacteria levels by RT-qPCR, expression of
selected immune response gene markers by RT-qPCR, oxidative stress biomarkers and
gut microbiome. The zebrafish had a weight of 614 £ 259 and 694 + 152 mg (Group C:
PBS control), 643 & 269 and 540 + 181 mg (Group A: probiotic A. veronii), 681 & 300 and
771 + 299 mg (Group B: probiotic P. entomophila), and 463 £ 215 and 593 + 336 mg (Group
D: «-Gal) at the beginning and end of the experiment, respectively.

3.10. Characterization of M. marinum RNA Levels by RT-gPCR

Total RNA was extracted from zebrafish gut samples by using the AllPrep DNA/RNA/
Protein kit (Qiagen, Hilden, Germany). The M. marinum RNA levels were determined by
real-time reverse transcription polymerase chain reaction (RT-qPCR), using the iTaq™ Uni-
versal SYBR Green One-Step Kit (BioRad, CA, USA) in the CFX96™ Real-Time System (Bio-
Rad) thermocycler following manufacturer’s recommendations with specific primers and
conditions for M. marinum heat-shock protein 65 gene (hsp65; Genebank accession number:
AF547855.1) [88] (hsp65Forward-F: 5-CAACCCGCTCGGTCTGAA-3', hsp65Reverse-R:
5-CGACCTCTTTGGCCGACTT-3/, annealing at 59 °C for 30 s). A dissociation curve was
run at the end of the reactions to ensure that only one amplicon was formed and that the
amplicon denatured consistently in the same temperature range for every sample [89]. The
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RNA cycle threshold (Ct) values were normalized against D. rerio glyceraldehyde-3-phosphate
dehydrogenase gene (gadph; NM_001115114.1) (gadphF: 5-CGTGGTGCCAGTCAGAACAT-
3/, gadphR: 5-AGTCAGTGGACACAACCTGG-3/, annealing at 56 °C for 30 s), using
the genNormddCT method [90]. Cross-reactivity of the primers with probiotic bacteria
was discarded by in silico hsp65 sequence alignment and RT-PCR. The M. marinum RNA
normalized Ct values were compared between treated and negative PBS control groups by
Student’s ¢-test with unequal variance (p < 0.05; n = 10-17/group).

3.11. Characterization of Anti-a-Gal and P22 IgM Antibody Titers in Zebrafish

For ELISA, high absorption capacity polystyrene microtiter plates were coated with
100 ng per well of a-Gal or M. bovis P22, an immunopurified subcomplex of bovine purified
protein derivative (bPPD) [91] in carbonate-bicarbonate buffer (Sigma-Aldrich). After
an overnight incubation at 4 °C, coated plates were washed one time with 300 uL/well
PBS/0.05% Tween 20 (PBST; Sigma-Aldrich), and then blocked with 100 pL/well of 1%
HSA (Sigma-Aldrich) at RT for 1 h. A dilution curve with 1:10, 1:100 and 1:1000 fish serum
peritoneal fluid samples was performed and then diluted (1:10, v/v) in blocking solution
and 100 pL/well were added into the wells of the antigen-coated plates and incubated for
1.5hat 37 °C. Plates were washed three times with PBST and 100 uL/well of species-specific
rabbit anti-zebrafish IgM antibodies diluted (1:1000, v/v) in blocking solution were added
and incubated at RT for 1 h. Plates were washed three times with 300 pL/well of PBST.
A goat anti-rabbit IgG-peroxidase conjugate (Sigma-Aldrich) was added diluted 1:3000
in blocking solution and incubated at RT for 1 h. After four washes with 100 uL/well of
PBST, 100 uL/well of 3,3’ ,5,5' -tetramethylbenzidine (TMB) one solution (Promega, Madrid,
Spain) were added and incubated for 15 min at RT. Finally, the reaction was stopped with
50 uL./well of 2 N H,SOy, and the 0.d. was measured in a spectrophotometer at 450 nm.
The o.d. at 450 nm (mean of the duplicate well values of o.d. P22 or x-Gal — 0.d. PBS control)
were compared between treated and negative PBS control groups at T4 by Student’s t-test
with unequal variance (p < 0.05; n = 12-20/group) and between different time points (T1 to
T4) by one-way ANOVA test followed by post hoc Holm multiple comparisons (https://as
tatsa.com/OneWay_Anova_with_TukeyHSD/; p < 0.05, n = 3-20/group). A Spearman’s
Rho correlation analysis was conducted between antibody titers and M. marinum infection
RNA levels (https:/ /www.socscistatistics.com/tests /spearman/; p < 0.005).

3.12. Characterization of mRNA Levels of Selected Zebrafish Immune Response and Nutrient
Metabolism Genes by RT-qPCR

Total gut RNA extracted as descried above (Section 3.10) was used for analysis. Selected
zebrafish genes included immune response chemokine receptor 6a (ccréa; NM_001099991.1),
toll-like receptor 2 (tlr2; NM_212812.1), interleukin 1-beta (IL-1f5; NM_212844.2), akirin 2 (akr2;
NM_213294.2), complement component 3 (C3; NM_131243.1), interleukin-6 (IL-6; JN698962),
tumor necrosis factor-alpha (tnf-a; BC165066), nuclear factor-kB (NF-kB; AY163838) and nutrient
metabolism hexokinase 1 (hk-1; BC067330.1) [16,24]. Sequences were obtained from NCBI nu-
cletotide database (https://www.ncbi.nlm.nih.gov/nucleotide/, accessed on 30 November
2020) and the UCSC Genome Browser on Zebrafish May 2017 (GRCz11/danRer11) Assem-
bly (http://genome.ucsc.edu/cgi-bin/hgTracks?db=danRer11&lastVirtModeType=defaul
t&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&pos
ition=chr19%3A27019529%2D27023771&hgsid=1072595985_aaRkNS7FkPbTrWiA6ZHMU
KLZ1fRT, accessed on 30 November 2020). To characterize the expression of selected
genes, an RT-qPCR was performed for the analysis of D. rerio mRNA levels. The RT-
qPCR was performed, and data were normalized as described above for mycobacterial
RNA levels, using specific primers and conditions following manufacturer’s recommenda-
tions (Table 4). The RNA normalized Ct values were compared between groups at T4 by
one-way ANOVA test followed by post hoc Holm multiple comparisons
(https:/ /astatsa.com/OneWay_Anova_with_TukeyHSD/; p < 0.05, n = 3-20/group) and
between T1 and T3/T4 by Student’s t-test with unequal variance (p < 0.05; n = 12-20/group).
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Table 4. Oligonucleotide primer sequences an annealing condition.

Genes Oligonucleotide Forward (F) and Reverse (R) Primers Annealing Conditions References
e R 5-CAGACGOCTGEAAAACTAAY 56°C.%0s 4
e R 5 CACAAAGTGCTCCGACAGAR Y 5°C.205 4
o A
E e
e
e ST
k-1 F: 5-ACTTTGGGTGCAATCCTGAC-3' 56°C,30 s [16]

R: 5'-AGACGACGCACTGTTTTGTG-3'f

3.13. Characterization of Serum Total Antioxidant Capacity

Serum total antioxidant capacity (Ta) was characterized by using the potassium per-
manganate method [55]. Sera were diluted (1:10, 1:20, 1:40, 1:80 and 1:160) with distilled
water, and 20 uL per well was added to a 96-well ELISA plate with blank no serum control.
Then, 100 uL of 5 mmol/L solution of KMnOy (79 mg KMnOy dissolved in 100 mL distilled
water) was added to each well and mixed with serum samples. Plates were incubated for
30 min at 37 °C in a water bath, after which the o.d. was measured in a spectrophotometer
at 570 nm. The Ta was calculated:

Ta =100/(OD1 + 2 x (OD2 + OD3 + OD4) + OD5) (1)

where OD1 to OD5 are the o.d. at 1:10 to 1:160 serum dilutions. Ta values were compared
between treated and control groups at T4 (end of the trial) by Student’s t-test with unequal
variance (p < 0.05; n = 14-20/group).

3.14. Characterization of The Zebrafish Gut Microbiome
3.14.1. DNA Extraction, Amplicon Preparation, and Sequencing

A total of 39 zebrafish gut samples were selected to obtain a representative sample
of each group (Group A: commercial feed with probiotic A. veronii, n = 10; Group B:
commercial feed with probiotic P. entomophila, # = 11; Group C: commercial feed with PBS,
n = 8; Group D: commercial feed with «-Gal immersion, n = 10) at two different time points
to test whether challenge with M. marinum has an impact on zebrafish gut microbiota
(pre-challenge with M. marinum at weeks 3-5, n = 21; post-challenge with M. marinum at
week 10, n = 18) (Table 5).
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Table 5. Description of samples per treatment group and time point.

. . Treatment
Time Point
A. veronii P. entomophila «-Gal PBS Control
Pre-Challenge (weeks 3-5) n=6 n=6 n=6 n=3
Post-Challenge (week 10) n=4 n=>5 n=4 n=5

Genomic DNA was extracted from individual zebrafish gut samples by using the All-
Prep DNA/RNA /Protein kit. DNA sequencing was performed at the Genomic Unit Cam-
pus Moncloa (University Complutense of Madrid, Madrid, Spain). An aliquot of each DNA
sample was used to prepare the libraries to amplify the V3 and V4 hypervariable regions of
the 16S rRNA gene by using the pair of primers 341F: 5 TCGTCGGCAGCGTCAGATGTG-
TATAAGAGACAGCCTACGGGNGGCWGCAG and 805R:5 GTCTCGTGGGCTCGGAGA-
TGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC and PCR amplification of the
amplicon target following the manufacturer’s recommendations. The expected size of
the PCR products (approximately 550 bp) was verified on a Bioanalyzer DNA 1000 chip
(Agilent Technologies, Santa Clara, CA, USA) and further purified by using AMPure XP
beads (Beckman Coulter, Life Sciences, Pasadena, CA, USA) for further processing. Then,
Illumina sequencing adapters and index barcodes, using Nextera XT DNA library prepa-
ration kit (Illumina, Inc., San Diego, CA, USA), were added to the amplicon target before
libraries were pooled together for further sequencing. All cluster generation and paired-end
sequencing were performed on the Illumina Next-Generation Sequencing MiSeq system,
using Illumina MiSeq v2 2 x 300 cycle chemistry, following the manufacturer’s protocols.

3.14.2. Downstream Data Analysis for 165 rRNA Sequencing Processing and
ASVs Workflow

A total of 12,799,596 MiSeq reads passing filter were pair-end demultiplexed and
fastq file generated, using the Illumina MiSeq Reporter software. The raw 16S rRNA
sequences were uploaded to the Sequence Read Archive (SRA) repository (https://www.
ncbi.nlm.nih.gov /sra; BioProject ID PRINA728442, accession numbers SAMN19079379—
SAMN19079417). Sequence analysis was performed by using DADA2 inference algorithm
on primer-free reads to correct sequencing errors and create the ASVs for the zebrafish
gut microbial communities (v.1.12) in R (v.4.0.1) [92]. The reads were quality filtered by
using the filterAndTrim (https:/ /rdrr.io/bioc/dada2/man/filterAndTrim.html) function
that truncated the forward and reverse reads at 280 bp and 255 bp for the zebrafish gut
microbiota dataset. Then, reads with more than 2 errors in the forward and 2 errors in
the reverse reads were removed. Reads were merged after inference of sequence variation
with learnErrors (https://rdrr.io/bioc/dada2/man/learnErrors.html) and denoised by
using dada (https://rdrr.io/bioc/dada2/man/dada.html) functions. Chimeric sequences
were eliminated with removeBimeraDenovo (https://rdrr.io/bioc/dada2/man/remov
eBimeraDenovo.html), and taxonomy was assigned to ASVs by using the classify-learn
naive Bayes taxonomic classifier assignTaxonomy (https://rdrr.io/bioc/dada2/man/a
ssignTaxonomy.html) based on the SILVA database (https://www.arb-silva.de; v.138)
database [93]. Taxa count abundances were extracted from original outputs for each
taxonomic level (Supplementary Materials File S1: Data S1). Microbial community profiles
were constructed at kingdom, phylum, class, order, family, genus for further analysis. All
algorithms and databases were accessed in 31 March 2021.

3.14.3. Statistical Analysis of Gut Zebrafish Microbial Communities

For the zebrafish gut microbiota dataset, the ASVs count table was generated. A total
of 8922 ASVs were assigned to the 39 samples (Table 5) and at 6 taxonomic ranks (kingdom,
phylum, class, order, family and genus). All the subsequent biological analyses were
performed by using the phyloseq (https:/ /bioconductor.org/packages/release /bioc/h
tml/phyloseq.html; v.3.10) [94] package and ggplot2 (https://ggplot2.tidyverse.org) was
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used for visualizations in R (v.4.0.1). All ASVs with low counts and those with prevalence
lower than 0.01% were filtered to remove spurious ASVs in the bacterial dataset. Then
the microbial community composition was represented in terms of relative abundance at
phylum, family and genus levels, keeping the most abundant five featured taxa at each
level by using the tax-glom function (https://rdrr.io/bioc/phyloseq/man/tax_glom.html)
in the phyloseq package (v.3.10). For estimating microbial community dissimilarities, Bray—
Curtis distances were calculated by phyloseq (v.3.10) and vegan (https:/ /cran.r-project
.org/web/packages/vegan/index.html; v.2.5.7) [94] package implemented in R (v.4.0.3).
Data were normalized by rarefaction, with no replacement, using the phyloseq function
rarefy_even_depht (https://rdrr.io/bioc/phyloseq/man/rarefy_even_depth.html) and
clr transform, using the microbiome package (https://microbiome.github.io/tutorials
/; v.1.12.0) prior to diversity measures. Further, principal component analysis (PCA)
plots were constructed to visualize the categorical partition of the samples explained by
Bray—Curtis dissimilarity. Adonis from vegan package (https://rdrr.io/rforge/vegan
/man/adonis.html) in R was used for Permutational multivariate analysis of variance
(PERMANOVA) test to evaluate differences among groups (number of permutations set
at 999). The taxa differential abundance analyses were performed by using the function
aldex in ALDEX2 (https:/ /bioconductor.org/packages/release/bioc/html/ ALDEx2.html;
v.1.22.0) after technical filtering of ASVs with less than 5 reads in total and appearing in
less than two samples [95]. Differential abundance in the zebrafish gut microbiome was
assessed for all the experimental groups treated with A. veronii probiotic feed, P. entomophila
probiotic feed and «-Gal versus the control group treated with PBA at each time point
(pre-challenge and post-challenge). Correlations between zebrafish gut microbiota and
anti-a-Gal and P22 IgM antibody titers were calculated with ALDEx2 (v.1.22.0), using
the aldex.corr function analysis (https:/ /rdrr.io/bioc/ ALDEx2/man/aldex.corr.html) as
implemented in R (v.4.0.3), and visualized by using the package ggplot2. All packages and
algorithms were accessed on 30 March 2021.

4. Conclusions

Treatment with probiotics prepared with bacteria from the gut microbiota with high
a-Gal content protected against mycobacteriosis in the zebrafish model of tuberculosis.
This study provided the first evidence on the effect of probiotics with high «-Gal content
on eliciting protection against mycobacteriosis. The main limitations of the study are the
limited number of samples included in some analyses and the need to corroborate in future
studies the suggested protective mechanisms elicited by probiotics with high «-Gal content.
The results provided preliminary evidence that the protective mechanisms induced in re-
sponse to probiotics with high «-Gal content include B-cell maturation, antibody-mediated
opsonization of mycobacteria, FcR-mediated phagocytosis, macrophage response, interfer-
ence with the x-Gal antagonistic effect of the TLR2/NF-kB-mediated immune response,
and upregulation of pro-inflammatory cytokines and innate immunity. Additionally, a ben-
eficial effect on nutrient metabolism was observed through upregulation of HK-1 likely in
response to IL-mediated activation of MAPK. The activation of these humoral and cellular
immune mechanisms reduces mycobacteria infection. Treatment with probiotic A. veronii
and P. entomophila activated different mechanisms, but all associated with the response to -
Gal. While probiotic A. veronii with highest x-Gal content promoted B-cell maturation, only
probiotic P. entomophila produced beneficial effects on nutrient metabolism through HK-1
and reduced oxidative stress. Remarkably, both probiotic bacteria induced innate immune
response trough TNF-« upregulation. These results support the potential of probiotics
with high «-Gal content for the control of fish mycobacteriosis and provided additional
evidence of the role of immune response to a-Gal for the control of infectious diseases
caused by pathogens with this modification on their surface. The suggested mechanisms
activated in response to probiotics with high a-Gal content need to be corroborated by
using other experimental approaches to characterize innate immunity or humoral and
cellular immune response. Differences in the activated protective mechanisms and gut mi-
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crobiota composition between probiotics and x-Gal suggested the possibility of exploring
the development of combined probiotic treatments alone and in combination with x-Gal
for the control of mycobacteriosis and other infectious diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/ph14070635/s1. Figure S1: Expression of zebrafish immune-response genes in response to
«-Gal and probiotic bacteria. File S1: Data S1. Raw counts of taxonomic assignments per sample
generated with DADA2 and grouped by time point and treatment group. File S1: Figure S2. Relative
abundance of the top 5 phyla. File S1: Figure S3. Relative abundance of the top 5 families. File S1:
Figure S4. Relative abundance of the top 5 genera.
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GENERAL DISCUSSION

Ticks are blood-feeding ectoparasite vectors of pathogens as viruses, bacte-
ria and protozoa, associated with the AGS and vector-borne diseases (VBDs)
affecting human and animal health, representing a growing burden worldwi-
de been part of the One Health concept. (Dantas-Torres et al., 2012; de
la Fuente et al., 2008; de 1a Fuente et al. 2017).

Several approaches have been implemented to reduce the risk of vector-bor-
ne diseases (VBDs). This includes the use of chemical acaricides to control
tick infestations and pathogen transmission, but is not yet fully effective due to
generation of acaricide-resistant ticks and contamination of the environment.

(Eisen et al., 2016).

Previous studies indicate a conflict and cooperation between tick-host-patho-
gens interactions, which may benefit the vector by increasing its survival and
facilitating multiplication and transmission of the pathogen through feeding
of the host. (Chmelar et al., 2016a; 2016b; de la Fuente et al., 2016;
Gulia-Nuss et al., 2016).

The alpha-Gal is a carbohydrate present on tick salivary glycoproteins and tis-
sues of non-catarrhine mammals, leading to the Alpha-Gal Syndrome (AGS).
(Steinke et al., 2015).

Humans do not produce the al,3-galactosyltransferase (al,3GT or GGTAI)
gene and as a consequence do not synthesize alpha-Gal epitopes, having a
high susceptibility to contract the AGS (Galili, 2015). The most common



Characterization of the immune response to alpha-Gal antigen
and possibilities for the control of infectious diseases

symptoms of the AGS described in humans are a delayed anaphylaxis to red
meat consumption and immediate anaphylaxis to tick bites, rejection of xe-
notransplantation and certain drugs such as cetuximab. (Cabezas-Cruz et
al., 2019; Hilger et al., 2019). This syndrome is caused by tick species
of the genera Amblyomma, Ixodes, Rhipicephalus, Hyalomma and Haemaphysalis,
because they can synthesize a-Gal by themselves but it is also found in the
host blood meal and the midgut microbiota of ticks. (Cabezas-Cruz et al.,
2021; Sharma et al., 2021).

This 1s why the main objective of this thesis is to understand the mechanisms
involved in the immune response to glycan alpha-Gal to prospectively control
diseases related to the modification of this pathogen through different omics

approaches.

In this matter, proteomic analysis identified tick saliva proteins with alpha-Gal
modifications (alphagalactome) such as cytoglobin-1, 14-3-3 family chapero-
ne and vitellogenin-1, secreted into saliva during feeding in tick species such
as Amblyomma americanum and Ixodes holocyclus. 'These proteins play a putative
role in the biological activity and the immune response to the AGS and other
diseases. The results provided additional support for the tick origin of proteins
with alpha-Gal and how these proteins may elicit a protective antibody res-

ponse against tick infestations and pathogen infection.

The study of cementome of Rhpicephalus microplus female ticks through a pro-
teomic approach has shed light on which are the main components of the tick
cement at different feeding stages and what is its origin (Chinery, 1973).
Results showed a high identification of tick and host derived proteins and bio-
molecules such as alpha-Gal in the tick cement as predominant components,
which confirms that an interaction between both allows the prolongation of

tick feeding and changes the tick cement composition
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However, an effective diagnosis is essential to control the spread of vector-bor-
ne diseases. Tick bites induce high levels of anti-alpha-Gal IgE antibodies as
an immune response in humans but also there are several risk factors to con-
sider in the AGS as immune response markers and immunoreactive proteins,
so it would be beneficial integrate all co-factors to predict the AGS (Chapter
2A).

It is also interesting the integration of a comparative analysis in a dataset of
IgE, IgM, IgG and IgA antibody responses to alpha-Gal and blood groups,
age and sex in healthy individuals and patients diagnosed with AGS, tick-bor-
ne allergies, GBS and COVID-19. It allowed to illustrate a determining factor
in the lack of impact of AGS in blood group B/AB individuals due to the
lower antibody titers (Cabezas-Cruz et al., 2017; Chapter 2B).

In Chapter 2C, a new risk factor that may affect the antibody response to
alpha-Gal was explored resulting in a reduction of anti-alpha-Gal IgM and
IgG antibody levels that may increase the susceptibility to allergic diseases
such as AGS. In contrast, there were no significant changes in the IgE respon-
se, suggesting that both antibodies are independent in diagnosis of infectious

and allergic diseases.

To further research, in the Chapter 2D, we studied the effect of saliva inocu-
lation from ticks in a zebrafish model to simulate how it might affect humans.
Tick saliva contains biomolecules such as PGE2 and alpha-Gal that affect
host immune response and in this experimental approach we observed allergic
hemorrhagic anaphylactic-type reactions and abnormal behavior patterns in
zebrafish fed with red meat with alpha-Gal content after inoculation (Fran-
cischetti et al., 2009; Mihara et al., 2017; Haddad et al., 2018). To
identify the possible immune mechanisms associated with allergic reactions,
we selected immune response and food allergy markers involved in Th1 and
Th2 cell-mediated responses were characterized in the kidney and intestine of
fish (Huang et al., 2018; Lu et al., 2008; Martins et al., 2019; Liu et
al., 2015). Results confirm that these allergic reactions were associated with

tissue-specific TLR-mediated responses in Th1 and Th2 cells with a possible
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role for basophils in the immune response to tick saliva.

From another point of view, the tick-host-pathogen interactions were studied.
We propose vaccines as the main solution to the conflict, at least the most
effective and eco-sustainable known, to control ticks and vector-borne disea-
ses (de la Fuente et al., 2017).

Chapter 3 give us a perspective of cooperation between all of them in a
zebrafish model. The study presented in the Chapter 3A makes evident
that vaccination with alpha-Gal increase the levels of TLR, AKR2, IL-1b
and the natural anti-alpha-Gal IgM/IgG type antibodies and do not cause
an increase in the IgE-type allergic response to tick saliva in zebrafish in-
fected with Mycobacterium marinum. Therefore, the alpha-Gal-based vacci-
nes could be applied to all hosts that do not produce alpha-Gal to protect

against related diseases.

Thus, we developed the use of probiotics prepared with bacteria from
the gut microbiota with high alpha-Gal content as a protective vaccine
against mycobacteriosis in the zebrafish model. Treatment with probiotic
Aeromonas veronii and Pseudomonas entomophila activated different humoral

and cellular immune mechanisms, but all associated with the response to
alpha-Gal (Chapter 3B).

From my point of view, an increasingly optimal design of vaccines in the
future must integrate the knowledge of continuous advances. Therefore, the
new risk factors that are being discovered in the development of AGS and
its consequences reported in chapter 2 could address the progress that we
mentioned above. In addition, it is crucial to continuously reinvent the use of
new strategies when administering vaccines in their formulation, quantity and
type, as we show in chapter 3. Thus, we could control multiple tick infesta-

tions and vector-borne diseases such as AGS.
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In conclusion, analyzing the molecular mechanisms involved in tick-host-pa-
thogen interactions by omics approaches and formulating more effective and
economical vaccines that can be used worldwide, could be a good way to

advance in the eradication of tick-borne diseases.
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Characterization of tick-derived salivary proteins with alpha-Gal
modifications using sera from AGS patients with severe symptoma-
tology identified candidate disease biomarkers such as cytoglobin-1,

14-3-3 family chaperone and vitellogenin-1.

La caracterizacion de proteinas derwvadas de la salwa de garrapatas reactivas a
sueros de pacientes con sintomatologia grave del sindrome de alfa-Gal permitio
wdentificar biomarcadores candidatos de la enfermedad tales como la citoglobi-

na-1, chaperonas de la_familia 14-3-3 y vitelogenina-1.

The application of proteomic approaches to the identification of
tick and host derived proteins in the cementome of Rhipicephalus me-
croplus revealed that a combination of them is an evolutionary adap-

tation to long-lasting ectoparasitic blood feeding;

La aplicacion de enfoques protedmicos para la identificacion de proteinas derwa-
das de garrapatas y hospedadores presentes en el cementoma de Rhipicephalus
microplus reveld que la combinacion de ambas es una adaptacion evolutiva a
la alimentacion con sangre durante largos periodos de tiempo por parte de estos

eclopardsitos
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A novel diagnostic method of the AGS based on measuring anti-al-
pha-Gal IgE titers and several cofactors such as blood type will faci-

litate an effective diagnosis of the syndrome.

Un novedoso método de diagndstico del sindrome de alfa-Gal basado en la med:-
cion de titulos de IgE anti-alfa-Gal junto a otros cofactores determinantes como

son los grupos sanguineos facilitardn un diagndstico eficaz del sindrome.

The immune pathways of anti-alpha-Gal IgM/IgG and IgE pro-
duction are independent in AGS, GBS and allergy-type reactions to
tick bites.

Las vias inmunitanas de produccion de IgM/IgG e IgE anti-alfa-Gal son inde-
pendientes en los sindromes de alfa-Gal y Guillain-Barré, ast como en reacciones

alérgicas a las picaduras de garrapatas.

Zebrafish is an animal model to simulate the allergic reactions that

humans develop in response to tick saliva compounds.

ez cebra es un modelo amimal capaz de simular las reacciones alérgicas
El b del [ d lar 1 l
que desarrollan los humanos en respuesta a los componentes de la salwa de las

garrapalas.

Alpha-Gal 1s a vaccine candidate antigen against pathogens with
and without alpha-Gal modifications in hosts such as humans, birds

and fishes that do not have the capacity to synthesize this molecule.

El alfa-Gal es un antigeno candidato para ser usado como vacuna frente a pati-
genos con y sin modificaciones de alfa-Gal en hospedadores como humanos, aves

y peces que no tienen la capacidad de sintetizar esta molécula.
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Novel use of probiotics prepared with bacteria with high alpha-Gal
content induce protective mechanisms regulating immunity and me-
tabolism in the zebrafish model against fish mycobacteriosis, being
crucial for future research in the control of major infectious diseases

worldwide.

El uso novedoso de probidticos preparados con bacterias con alto contenido de al-
Jfa-Gal induce mecanismos protectores que regulan la inmunidad y el metabolismo
en el modelo de pez cebra frente a la micobacteriosts, siendo crucial para futuras
investigaciones en el control de las principales enfermedades infecciosas en todo el

mundo.
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