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A B S T R A C T

Background: To deeply understand the role of antibodies in the context of Trypanosoma cruzi infection, we
decided to characterize A2R1, a parasite antibody selected from single-chain variable fragment (scFv) phage
display libraries constructed from B cells of chronic Chagas heart disease patients.
Methods: Immunoblot, ELISA, cytometry, immunofluorescence and immunohistochemical assays were used
to characterize A2R1 reactivity. To identify the antibody target, we performed an immunoprecipitation and
two-dimensional electrophoresis coupled to mass spectrometry and confirmed A2R1 specific interaction by
producing the antigen in different expression systems. Based on these data, we carried out a comparative in
silico analysis of the protein target�s orthologues, focusing mainly on post-translational modifications.
Findings: A2R1 recognizes a parasite protein of ~50 kDa present in all life cycle stages of T. cruzi, as well as in
other members of the kinetoplastid family, showing a defined immunofluorescence labeling pattern consis-
tent with the cytoskeleton. A2R1 binds to tubulin, but this interaction relies on its post-translational modifi-
cations. Interestingly, this antibody also targets mammalian tubulin only present in brain, staining in and
around cell bodies of the human peripheral and central nervous system.
Interpretation: Our findings demonstrate for the first time the existence of a human antibody against T. cruzi
tubulin capable of cross-reacting with a human neural protein. This work re-emphasizes the role of molecu-
lar mimicry between host and parasitic antigens in the development of pathological manifestations of T. cruzi
infection.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Chagas disease is caused by the parasite Trypanosoma cruzi and
mainly transmitted to animals and people through contact with
feces/urine of vector insects (triatomine or “kissing” bugs). For centu-
ries, Chagas disease was restricted to Central and South America,
where it is considered endemic. However, it has now spread to
Europe, the United States, Canada, Japan and Australia, due to human
migration [1�3]. Chagas disease has two phases: acute and chronic
which can be asymptomatic in the majority of infected people (~70%)
or it can manifest itself as serious cardiac, digestive, neurological or
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Research in context

Evidence before this study

Chagas disease, caused by the parasite Trypanosoma cruzi, is
linked to poverty and social exclusion. It is endemic in Latin
America but is also spreading throughout the world due to popu-
lation movements. If not treated early after infection, this disease
progresses to a chronic form in which some patients develop car-
diac or digestive alterations, while others stay asymptomatic.
Nowadays, parasite persistence associated with tissue inflamma-
tion and cross-reactivity between parasite and host molecules
are the two main, non-mutually exclusive mechanisms proposed
as an explanation of chronic pathogenesis.

Added value of this study

In this work, we demonstrated that a human monoclonal anti-
body isolated from B cells of chronic Chagas Disease patients
binds to T. cruzi tubulin and cross-reacts with a ~50 kDa protein
only present in mammalian neural tissue. Interestingly, the
antibody binding site on tubulin contains one of the post-trans-
lational modifications present in trypanosomatids, and this
could be the explanation why the antibody specifically interacts
with its neuronal isotype.

Implications of all the available evidence

Our findings raise questions about the pathophysiological role
of autoreactive antibodies in chronic Chagas disease.
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mixed disorders in up to 30% of cases [3,4]. The interplay between the
parasite and the immune response developed by the mammalian
host, has a key role in the subsequent clinical outcome of the infec-
tion [5,6]. In this regard, antibodies are one of the central components
of the host’s immune response, participating not only in the early
parasite control but also in the pathophysiology of this disease [7�9].
In the chronic phase, two types of parasite-specific antibodies with
different functional activities, lytic antibodies (LA) and conventional
serology antibodies (CSA) have been described [7,10,11]. LA recog-
nize proteins exposed in the surface membrane of T. cruzi infective
forms and prompt lysis by antibody-dependent cell cytotoxicity or/
and complement-mediated lysis [12�14]. These antibodies are asso-
ciated with resistance in active ongoing infection but being mainly
detected in asymptomatic patients, their presence is further linked to
a possible protective response during the chronic phase [12,13,15].
On the other hand, CSA are not associated with parasite resistance,
but are useful tools for the serological diagnosis of Chagas disease
[11,16]. In addition, infection with T. cruzi can lead to the develop-
ment of host�s protein-specific antibodies through different mecha-
nisms like polyclonal B cell activation, organ-specific damage and
molecular mimicry [5,9,17�21]. Among the latter, some examples of
antibodies to parasite/host proteins are those raised against cruzi-
pain/myosin, cruzipain/cardiac receptors, B13/myosin, Shed Acute
Phase Antigen (SAPA) and TENU2845/Cha antigen, calreticulin/calre-
ticulin, skeletal muscle calcium dependent (SRA)/SRA [17,18,22]. It is
important to highlight that some of these cross-reactive antibodies
might be in part responsible for the pathogenic events underlying
this disorder [17,23,24]. In this line of evidence, our group and others
demonstrated that patients with chronic Chagas Heart Disease
(cChHD) develop antibodies with functional effects on cardiac recep-
tors [25,26]. These mainly recognize the C-terminal end of the T. cruzi
ribosomal P2b protein (peptide R13, EEEDDDMGFGLFD), which
shares similarity to an acidic motif (i.e. sequence AESDE) located on
the second extracellular loop of the b1-adrenergic receptor [26,27].
Interestingly, the long-lasting stimulatory activity of anti-P2b anti-
bodies prompt apoptosis in the murine cardiac cell line HL-1 by non-
canonical receptor signaling pathways (unpublished results) [28].
Furthermore, cChHD patients with diminished cardiac vagal function
and/or colonic denervation syndrome display a high level of antibod-
ies against M2 muscarinic receptors [29,30].

To extend the molecular features of the host humoral immune
response against the parasite in a pathological scenario, we previously
analysed the repertoire of 125 variable heavy chain (VH) genes from
plasma cells isolated from the heart tissue of three subjects with
cChHD and from a Fab combinatorial library derived from bone mar-
row B cells of other cardiac patients [31]. Both, VH genes amplified
from cardiac tissue, as well as those from anti-T. cruzi Fab library pre-
sented a high degree of somatic mutations, suggesting indirect and
direct evidence of a parasite antigen driven selection process. Follow-
ing the same line of investigation, we have constructed single-chain
variable fragment (scFv) antibody phage display libraries derived from
B-cell mRNA of cChHD patients. Screening the libraries against whole
T. cruzi lysate allowed us to isolate scFv antibodies with different para-
site protein specificity. In the present study, we report the isolation,
expression and characterization of one scFv antibody, named A2R1
that recognizes T. cruzi�s tubulin and cross-reacts very specifically with
a human tubulin isoform occurring in nervous system. Our results dis-
close a new tissue-specific molecular target of autoreactive antibodies
that may be linked to the pathophysiology of Chagas disease.

2. Methods

2.1. Ethics statement

The research protocols were approved by the Medical Ethics Com-
mittees of the Hospital General de Agudos Dr. Juan A. Fern�andez and
Hospital General de Agudos Jos�e María Ramos Mejía, Buenos Aires,
Argentina. All enrolled patients gave written informed consent,
according to the Hospital’s Ethics Committee guidelines, before sam-
ple collection and after the nature of the study was explained.

All animal experiments were carried out in accordance with the
Guide of Care and Use of Laboratory Animals, 8th Edition (2011), and
the protocols used were approved by Animal Care Committee of the
Instituto de Medicina Experimental (IBYME-CONICET).

2.2. Study population

Bone marrow of two subjects (donor #1 and 2) and peripheral
blood mononuclear cells of nine subjects (donor #3 to #11) with
cChHD were used for the construction of the scFv libraries. Included
individuals had a minimum of two positive serological tests for T.
cruzi infection in compliance with domestic and international criteria
[1] and endured cardiac alterations, ascertained after clinical and car-
diological examination [31,32].

2.3. Parasites and lysates

Epimastigotes of T. cruzi G (DTU Tc I), Y (DTU Tc II), CL Brener (DTU
Tc VI) strains [33], C. fasciculata and B. culiciswere grown in liver infu-
sion tryptose (LIT) medium supplemented with 10% fetal bovine
serum (FBS, Natocor) at 28 °C. Infective T. cruzi metacyclic trypomas-
tigotes obtained from epimastigote cultures were grown and purified
by passage through DEAE-cellulose column, as described [34]. T. cruzi
amastigote and trypomastigote forms were obtained from the culture
media of infected HeLa cells (CVCL_0058). The procyclic form of T.
brucei strain 29�13 [35] was grown in SDM-79 medium (Sigma-
Aldrich) supplemented with 10% FBS, 7.5 mg/ml hemin, 100 U/ml
penicillin and 100 mg/ml streptomycin at 28 °C. To prepare cell
extracts, parasites were lysed in 50 mM Tris�HCl pH 7.5, 250 mM
sucrose, 5 mM KCl, 1 mM PMSF, 2 mg/ml leupeptin, 1 mM
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benzoamide, 25 U/ml trasylol, protease inhibitor cocktail (Roche).
After three rounds of freeze-thawing (liquid nitrogen), protein lysate
concentration was determined using the Bradford Protein Assay (Bio-
Rad). Lysate from L. brasiliensis promastigote was a gift from Dr. E.
Bontempi (Instituto Nacional de Parasitología "Dr. Mario Fatala Cha-
ben", Buenos Aires, Argentina).

2.4. Mouse and rat tissue lysates

Organs from 8-week-old C57BL/6 mice and Wistar rats were pul-
verized in liquid nitrogen and minced in lysis buffer containing
50 mM Tris�HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM phenylme-
thylsulfonylfluoride, 1 mM benzamide, 1% (v/v) Triton X-100, 10% (v/
v) glycerol and protease inhibitor cocktail. After centrifugation at
16,000 x g for 10 min, protein suspensions were aliquoted, and stored
at �80 °C. Lysis buffer for liver and muscle tissues contained 250 mM
sucrose and 10 mM EDTA. Protein concentrations were measured
with the Bradford Protein Assay.

2.5. T. cruzi flagellar protein preparation

T. cruzi epimastigote lysates were spun at 1500 x g for 10 min and
the pellet extracted once more was then resuspended in high-salt
buffer (100 mM Tricine pH 8.5, 1 M NaCl, 1% Nonidet P-40, protease
inhibitor cocktail) for 10 min on ice following centrifugation at 300 x
g. Large aggregates and high molecular weight nucleoproteins were
removed from the bottom of the tube by careful aspiration with Pas-
teur pipette and the remaining solution was centrifuged at 12,000 x g
for 10 min. The flagellar preparation was kept at �80 °C until use.

2.6. Cell culture and lysates

Embryonic mouse hypothalamus cell line N43/5 (CVCL_D452) was
cultured in DMEM medium (GIBCO) supplemented with 10% FBS,
100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine
in a humidified 37 °C incubator containing 5% CO2. Cell lysates were
prepared as described previously [36].

2.7. Isolation of the human scFv A2R1

The scFv phage library construction and subsequent selection of
antibodies were described elsewhere [31,32,37]. Six scFv phage
libraries (VH-VLk or VH-VLλ) of over 1.2 £ 108 clones was finally
cloned into pHenIX vector and used for selection of human scFv anti-
bodies using cell lysates from T. cruzi epimastigotes (CL-Brener). The
PCR analysis of the selected phage clones demonstrated that one of
the positive anti-T. cruzi phage-scFv clones harboured a full-length
insert and was named A2R1. A2R1 was subcloned into the expression
vector pUC119-VSV-HIS6 [38].

2.8. Recombinant scFv A2R1 expression and periplasmic purification

Escherichia coli HB2151 cells transformed with pUC119-VSV-HIS6-
A2R1were grown in 2x tryptone/yeast medium (2xTY) supplemented
with 2% glucose and 100 mg/ml ampicillin at 37 °C. After induction
with isopropyl�b�d�thiogalactopyranoside (IPTG, final concentra-
tion 1 mM) in a medium lacking glucose, the scFv A2R1 was purified
using Ni2+-NTA affinity columns according to the manufacturer’s
instruction (QIAGEN). scFv A2R1 concentration was determined spec-
trophometrically (e280nm = 24,535 M � 1cm�1) whereas its expression
and reactivity were assessed by Western-blot.

2.9. Cloning of chimeric A2R1 antibody

The mouse-human chimeric antibody A2R1 (chim mA2R1) was
assembled by cloning the scFv A2R1 heavy (VH) and light chain V
(VL) region into mouse C gene segments [39]. Briefly, amplified VH
and VL regions were obtained by PCR and sub-cloned into a eukary-
otic expression vector containing mouse genomic IgG1 heavy and
kappa light chain constant regions and regulatory elements of the
immunoglobulin locus. The chimeric expression constructs were
transfected into HEK293 cells by electroporation. Secreted chimeric
A2R1 full-length antibody was purified from the cell culture superna-
tants by Protein A chromatography (MabSelect SuReTM, GE Health-
care). The reactivity of chim mA2R1 against T. cruzi lysate was tested
by Western-blot (Supplementary Fig. 1).

2.10. Expression of recombinant T. cruzi tubulin

T. cruzi a-tubulin (TcATUB) was expressed fused to GST (TcATUB-
GST) in E. coli BL21 cells harbouring the pGEX-4T-2-alphaTub vector
(generously provided by Dr. S. Schenkman, Universidade Federal de
S~ao Paulo, Brazil). After IPTG induction, total protein extracts were
prepared, harvesting 1 £ 109 cells by centrifugation at 3000 x g and
disrupted with the addition of 5x SDS-PAGE loading buffer.

TcATUB was expressed in the supernatant of L. tarentolae promas-
tigotes using the LEXSY System (Jena Bioscience). The coding
sequence for TcATUB was cloned into the expression vector pLEXSY-
hyg2 fused in-frame with a signal peptide for its secretion into the
culture medium [40]. Parasite transfection and culture selection were
as previously described [41]. Briefly, 1 £ 108 L. tarentolae cells was
electroporated with 30mg of linear pLEXSY-hyg2-TcATUB vector. After
culture selection growing parasites in the presence of 100 mg/ml
hygromycin B (InvivoGen), supernatant containing the secreted TcA-
TUB was separated from cells by centrifugation at 1500 x g for
15 min. Supernatants from recombinant and wild type L. tarentolae
cultures were fractionated in 200 ml aliquots, mixed with 20 ml 5x
SDS-PAGE loading buffer and stored at �20 °C.

2.11. Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as previously described.[42]. Briefly, either
5 mg/ml BSA or 20 mg/ml of protein lysate from parasite or mouse/
rat tissue were coated ON at 4 °C in 0.05 M carbonate buffer (pH 9.6)
in 96-well plates (NUNC MaxiSorb). scFv A2R1 (25 mg/ml) was incu-
bated for 2 h at 37 °C and was detected by incubation for 1 h at 37 °C
with mouse anti-VSV antibody (1:5000, clone P5D4, Sigma-Aldrich)
followed by 1 h at 37 °C with anti-mouse IgG1-HRP (1:3000, Sigma-
Aldrich). All antibodies were diluted in 1% (w/v) skimmed milk in PBS
containing 0.1% Tween-20 (PBST). In the competition experiment,
plates coated with 5 mg/well parasite lysate were incubated with
scFv A2R1 (0.02 mg/ml) and 25 ml of T. cruzi lysate or mouse/rat
whole tissue lysate ranging from 1.25 to 20 mg/ml in 1.5% (w/v) BSA
in PBST. Bound scFv was detected by mouse anti-VSV antibody and
anti-mouse IgG1-HRP as described above. The reaction was revealed
with 3,30,5,50-tetramethylbenzidina (TMB, Sigma-Aldrich) or o-Phe-
nylenediamine (OPD, Sigma-Aldrich) and optical density was mea-
sured at 450 or 492 nm, respectively using a VERSAmax� ELISA plate
reader (Molecular Devices Corportation).

2.12. Western-blot

Proteins were separated on 10�12% SDS-polyacrylamide gels and
transferred to nitrocellulose sheets. Membranes were blocked with
3% (w/v) skimmed milk in TBST and then incubated with patient sera
(1:5000), scFv A2R1 (25 mg/ml) mixed with mouse anti-VSV
(1:5000), rat anti-tyrosinated a-tubulin (1:1000, YL 1/2, Pierce Anti-
bodies), mouse anti- acetylated a-tubulin (1:2000, clone 6�11B-1,
Sigma Aldrich), mouse anti-b tubulin (1:1000, CA N3557, Amersham)
antibodies or chim mA2R1 (1 mg/ml) for 2 h at RT in 2% (w/v)
skimmed milk in TBST (M-TBST). After washing with TBST, mem-
branes were incubated with mouse anti-human IgG1-HRP, rabbit
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anti-mouse IgG1-HRP or goat anti-rat IgG-HRP (all diluted 1:3000,
Sigma-Aldrich) for 1 h at RT in 2% M-TBST. Immunoreactive bands
were visualized by chemiluminescence detection (SupersignalTM
West Pico, Pierce) or by colorimetric reaction with TMB.

2.13. Immunoprecipitation and nanolc mass spectrometry

Immunoprecipitations (IPs) were performed on T. cruzi epimasti-
gote (CL-Brener) lysates, using chim mA2R1 covalently coupled to
NHS-Activated Magnetic Beads (Thermo Pierce Scientific). Briefly,
300 ml of magnetic beads were washed according to the man-
ufacturer�s instructions and coupled to 300 mg of chim mA2R1 under
rotation for 16 h at 4 °C. After washing twice with 0.1 M glycine pH
2.0 and ultrapure water, reaction was stopped by incubation with
3 M ethanolamine pH 9.0 for 2 h at RT. A total of 50 ml of chim
mA2R1 coupled-beads were incubated with 1 mg total protein of T.
cruzi lysate diluted in PBS for 6 h at 4 °C under rotation. Bound pro-
teins were eluted with glycine pH 2.0 and immediately neutralized
with 1 M Tris�HCl pH 9.0. The same procedure was carried out using
magnetic beads without chim mA2R1 as negative control. Eluted
fractions were resuspended in 10x sample buffer (0.25 M Tris, pH 6.8,
8% SDS, 35% glycerol and 0.2% bromophenol blue), subjected to SDS-
PAGE and stained with colloidal Coomassie Blue G-250 (Sigma-
Aldrich). The stained protein bands were excised, in-gel digested
with trypsin as described elsewhere [43] and subjected to nano-flow
reversed-phase LC-MS/MS analysis at the Radboud Proteomics cen-
tre, Nijmegen, The Netherlands. MS/MS spectra were converted into
mgf files (MSConvert, ProteoWizard, version 3.0.06245) and then
analysed using Mascot search engine (http://www.matrixscience.
com). Extracted peptides were aligned to the “trypanosomatids”
entries in the Uniprot [44] and TriTrypDB databases [45].

Carbamidomethylation of cysteine was specified as fixed modifi-
cation and oxidation of methionine as variable modification.

2.14. Two-dimensional electrophoresis and mass spectrometry analysis

Two-dimensional (2D) electrophoresis was performed as
described by G€org et al [46]. A total of 120 mg of desalted flagellar
proteins solubilized in 8 M urea containing 2% (v/v) CHAPS and
20 mM DTT was loaded onto an immobilized pH gradient IPG gel
strip 3�11 NL (Immobiline Dry strip, GE HealthCare) and isoelectro-
focused subsequently at 500 V for 30 min, 1000 V for 1 h, 2000 V for
1 h, and 5000 V for 7 h. The strips were incubated in equilibration
buffer (75 mM Tris�HCl pH 6.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v)
SDS, 0.01% (w/v) bromophenol blue) containing 10 mg/ml DTT for
15 min and then in equilibration buffer containing 2.5 mg/ml iodoa-
cetamide for 15 min. Equilibrated strips were placed on 12% poly-
acrylamide gels, sealed with 0.5% agarose solution, and proteins
separated at 4 °C using a Bio-Rad electrophoresis unit. Gels were
either blotted onto nitrocellulose membranes for immunoblot analy-
sis as indicated above or stained with colloidal Coomassie Blue G-
250. Individual spots were excised from the gel and submitted to the
Centro de Estudios Químicos y Biol�ogicos, Universidad de Buenos
Aires, Buenos Aires, Argentina for protein identification by MALDI-
TOF mass spectrometry. MS/MS spectra were analysed as described
previously.

2.15. Immunofluorescence analysis

Washes and compound dilutions were performed in PBS, other-
wise indicated.

In parasites: Cells were washed twice, seeded onto poly-lysine
coated coverslips for 30 min and fixed with 3.8% (w/v) paraformalde-
hyde (PFA) for 20 min and permeabilized with 0.1% (v/v) Triton X-
100 for 10 min. Coverslips were blocked with 1% (w/v) BSA (blocking
solution) for 10 min and then incubated for 1 h with scFv A2R1
(40 mg/ml) mixed with mouse anti-VSV (1:5000) or rabbit anti-His
(1:3000, GeneTex), rat anti-a-tubulin tyrosinated (1:1000) or mouse
anti-b tubulin (1:1000) antibodies. After thorough washes, coverslips
were incubated for 45 min with Alexa488- or Cy3-conjugated goat
anti-mouse antibodies (Invitrogen, Thermo-Fisher), Alexa488-conju-
gated goat anti-rabbit (Invitrogen, Thermo-Fisher) or Cy3-conjugated
goat anti-rat antibodies (Jackson Immunoresearch), all diluted
1:1000. Primary and secondary antibodies were used diluted in
blocking solution. When appropriate, parasite nucleic acids were
stained with 40,6-diamidino-2-phenylindole (DAPI, 300 ng/ml) for
1 h. The coverslips were thoroughly washed before mounting with
DABCO (Sigma-Aldrich) and images were acquired on a Nikon E600
fluorescence microscope coupled to a DXM 1200F digital camera
using ACT-1 software or a Nikon C1 Confocal Microscope using the
EZ-C1 2.20 software. For cytoskeleton extraction, a fresh culture of
parasites was prepared using modified protocol described by Bon-
hivers et al [47]. Briefly, parasites were washed, then spread on poly-
lysine coated coverslips and permeabilized for 5 min with 1% (v/v)
NP40 in PIPES buffer (100 mM PIPES pH 6.9, 2 mM EGTA, 1 mM
MgCl2). After two washes with PIPES buffer and PBS, preparations
were fixed with 4% (w/v) PFA followed by a cold methanol treatment
(�20 °C) for 5 min and processed as previously described.

In mammalian cells: N43/5 cells were grown directly on poly-
lysine coated glass coverslips and fixed with 3.8% (w/v) PFA for
15 min at 4 °C once they reached a confluence of 70%. Fixed cells
were then quenched by washing with 0.02 M glycine for 5 min, fol-
lowed by permeabilization with 0.1% (v/v) Triton X-100 for 10 min
and a subsequent blocking step with 1% (w/v) BSA. Coverslips were
incubated with scFv A2R1 mixed with rabbit anti-His-and mouse
anti-b tubulin and then with Alexa488-conjugated goat anti-rabbit
and Alexa546-conjugated goat anti-mouse (1:1000, Invitrogen,
Thermo-Fisher) as primary and secondary antibodies, respectively.
Incubation times and dilutions, as well as coverslips mounting were
performed as described above for parasites.

In HELA cells infected with T. cruzi: Purified metacyclic trypomasti-
gotes of CL Brener strain were seeded onto each well of 24-well
plates containing 13-mm diameter round glass coverslips coated
with HeLa cells at a multiplicity of infection of 10:1 (parasite:cells).
After 144 h incubation with parasites, the coverslips were fixed with
acetone at �20 °C for 15 min, washed and incubated with scFv A2R1
mixed with mouse anti-VSV antibody and Alexa488-conjugated goat
anti-mouse as primary and secondary antibodies. Palloidin-rhoda-
mine was used to stain F-actin (Thermo-Fisher). Incubation times
and dilutions, as well as DNA staining and coverslips mounting were
performed as described above for parasites.

2.16. Cytometry

N43/5 cells were fixed in 2% (w/v) PFA for 15 min at RT and per-
meabilized in 0.1% (v/v) Triton X-100, 1.5% (w/v) BSA in PBS. After
30 min at RT, cells were incubated sequentially with scFv A2R1
(200 mg/ml diluted in PGN) mixed with mouse anti-VSV (1:5000)
and Alexa488-conjugated goat anti-mouse (1:1000) antibodies for
1 h at 4 °C in 1% (w/v) BSA in PBS. Samples were acquired on a FACS-
can flow cytometer (Becton Dickinson) and data analysis was per-
formed with FlowJo software (TreeStar Inc.).

2.17. Immunohistochemical analysis

Five-mm thick sections of paraffin-embedded tissues from
patients with refractory epilepsy or without any apparent pathology
were mounted on coated immunoslides (SupaFrost, Thermo Scien-
tific) and dewaxed in xylene, rehydrated in graded ethanol series and
treated for 30 min with 3% (v/v) H2O2 in 70% (v/v) ethanol to quench
endogenous peroxidase activity. After three washes with dH2O, sec-
tions underwent heat antigen retrieval by incubation with 10 mM
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citrate buffer pH 6.0 for 50 min at 80 °C. Sections were subsequently
blocked with 2.5% (w/v) BSA in PBS for 30 min, and incubated with
scFv A2R1 (50 mg/ml) mixed with mouse anti-VSV antibody (1:1000)
or sera from donors (1:500) in PBS ON at 4 °C. After washing with
PBS, biotinylated goat-anti mouse (1:400, BA-9200, Vector Laborato-
ries) or goat-anti human (1:1000, Sigma-Aldrich) antibodies were
incubated for 1 h in the presence of HRP-conjugated Streptavidin
(ABC Kit Vectastin, Vector Laboratories) and then washed with PBS.
Tissue slides were developed using 3,30-Diaminobenzidine (DAB,
Dako Cytomation, Glostrup) as substrate, washed with dH2O, coun-
terstained with haematoxylin (Alwik), rinsed with tap water, rehy-
drated in graded series of ethanol and xylene and covered with
permanent mounting medium (Eukitt, Merck). Negative controls
were performed by substituting the primary antibody with a control
scFv or incubating only with the anti-VSV antibody or with health-
y�donor sera. Mouse skin tissues were obtained from Swiss mice
infected with T. cruzi (strain Tulahuen, DTU-Tc VI) kindly provided by
Dr. R. Laguens from Department of Pathology, Hospital Universitario
Fundaci�on Favaloro, Buenos Aires, Argentina and slides were proc-
essed as described.

2.18. VH and VL sequence analysis

Nucleic acid sequencing was conducted at Centro de Gen�omica
Aplicada (Universidad de Buenos Aires, Argentina). Variable region
sequences of H and L chains were analysed with the International
Im-MunoGeneTics (IMGT)/V-QUEST alignment tool at IMGT database.
Mutations were identified by comparing each sequence with the
germline sequence and were defined based on amino acid changes in
the VH or VL segment. Replacement (R) mutations were determined
in framework regions (FRs) and complementary determining regions
(CDRs).

2.19. Comparative analysis of tubulin sequences

Amino acid sequences from Homo sapiens, Rattus norvegicus and
Mus musculus tubulins were downloaded from UniProt [44]. Sequen-
ces from trypanosomatids were obtained from TriTrypDB [45] by
downloading the result of intersecting three filters: one to filter the
organisms of interest (T. cruzi, T. brucei, Leishmania spp. and C. fascicu-
lata), one for the term "tubulin" and the last one for either the term
"alpha" or "beta". Afterwards, sequences were cleaned by using a cus-
tom python script to exclude those sequences that included terms
like "pseudogene", "cofactor", "coatomer", "fragment", "unspecified"
or "uncharacterized". Finally, sequences with 100% identity were col-
lapsed into single entries. Sequence alignments were generated with
Clustal Omega [48] and subsequently hand curated. Identity and sim-
ilarity percentages were calculated with the tool "Ident and Sim"
from the "Sequence Manipulation Suite" using the default parameters
[49].

Supplementary Table 1 compiles all the sequences that were used
in this study.

2.20. Statistics

Statistical analysis was performed with One-way analysis of vari-
ance, followed by a post hoc Tukey test, using GraphPad Prism 5.0
software (San Diego, CA). Data were considered statistically signifi-
cant at P < 0.05. All error bars represent the SD of the mean.

2.21. Role of funding source

This work was supported by grants from Consejo Nacional de
Investigaciones Científicas y T�ecnicas (CONICET; PIP Number 112-
2015010-0547 to KAG) and Agencia Nacional de Promoci�on Científica
y Tecnol�ogica, Argentina (ANPCyT; PICT Numbers 2010-2439 and
2014-1026 to KAG and 2016-1028 to MP). The funders had no role in
study design, data collection, data analyses, interpretation, or writing
of the report.

3. Results

3.1. V-gene sequences and specificity of scFv A2R1

Five scFv phage-display libraries were constructed from B cell
cDNA of cChHD subjects by cloning antibody variable domains into
the pHENIX phagemid vector. After rounds of selection using T. cruzi
epimastigote lysate as antigens, scFv A2R1 was selected, subcloned
into the pUC119 bacterial expression vector fused with both a His-
and a VSV- tag for detection and purification, and transformed in the
E. coli non-suppressor strain, HB2151. The expected size of the ampli-
fied VH and VL (~450 and 350 bp, respectively) as well as the assem-
bled scFv constructs (VH-linker-VL, ~900 bp) was assessed by PCR
(Fig. 1a). Western-blot analysis using an anti-VSV antibody revealed
a band of ~29 kDa in a sample of recombinant scFv expressed and
purified from E. coli (Fig. 1b).

Further, we analysed the primary sequence of the antibody based
on the IMGT database (Fig. 1c). A comparison with the sequences of
germline VH and VL genes showed that the clone A2R1 heavy chain
belongs to the VH3�73�01 family, while the light chain belongs to
IGLV1�47�01 family-derived germline. The total numbers of replace-
ment mutations (R) of framework and CDRs as well as CDR3 length
are summarized in Table 1. The number of different amino acids from
germline varied from 17 amino acids in the VH framework (except
CDR3) and 16 amino acids in the light chain, suggesting that scFv
A2R1 arises from antigen-driven clonal expansion. Interestingly, VH
CDR3 contains two cysteine residues which could be part of a loop
likely contributing to increase its antigen-binding capacity [50].

In order to test the specificity and reactivity of scFv A2R1, a West-
ern-blot analysis was performed on the different life stages of T. cruzi:
amastigotes (replicative intracellular form, mammal-stage), trypo-
mastigotes (blood-borne, mammal-stage) and epimastigotes (non-
infective, insect-stage) of the CL Brener strain. For all tested parasite�s
stages, a ~50 kDa band was detected (Fig. 1d), which showed highest
and lowest abundance in trypomastigotes and amastigotes, respec-
tively. In addition, the same MW band of ~50�55 kDa was detected
in protein lysate from trypomastigotes of Y and G T. cruzi strains, and
other trypanosomatids like Trypanosoma brucei, Crithidia fasciculate,
Blastocrithidia culicis and Leishmania braziliensis (Supplementary Fig.
2). Of note, the bands with MW <50 kDa likely correspond to partial
degradation or changes in post-translational modifications (PTMs) of
the ~50 kDa antigen (Fig. 1d and Supplementary Fig. 2).

Moving forward to identify the cellular distribution of the scFv
A2R1 antigen, fixed-permeabilized parasites were prepared for immu-
nofluorescence assays. A positive staining was visible along the entire
cell body and the flagellum of all parasite forms (Fig. 1e). Consistent
with our immunoblotting results, the trypomastigote and epimastigote
displayed considerably stronger fluorescence signal intensity than the
amastigote. Interestingly, we also noticed that much of the total stain-
ing seems to be concentrated in the flagellum and the flagellar pocket
when compared to the rest of the parasite body (Fig. 1e).

Overall, our results demonstrated that scFv A2R1 recognizes an
intracellular protein highly conserved among strains and develop-
mental stages of T. cruzi as well as in other Trypanosomatidae family
members.

3.2. Identification of A2R1 antigen

Next, we aimed to identify the protein recognized by scFv A2R1 by
using two methodological approaches, immunoprecipitation (IP) and
two-dimensional (2D) electrophoresis followed by mass spectrome-
try analysis.



Fig. 1. Features of anti-T. cruzi A2R1 antibody isolated from scFv immune phage display libraries constructed from B cells of patients with cChHD. (a) Agarose gel electrophoresis
(2%) of PCR amplified products of heavy chain (VH) and light chain (VL) genes and A2R1 gene. Fragment sizes are indicated on the left. (b) Western-blot analysis of periplasmic
expression of scFv A2R1. Molecular weight markers (in kDa) are shown on the left. (c) Comparison of VH and VL sequences of scFv A2R1 with their respective human germline
sequences according IMGT. FWR: framework; CDR: complementarity determining region. (d) Western-blot of total lysates from T. cruzi and its different stages with scFv A2R1. Total
cell lysates (30 mg) of amastigote (AM), trypomastigote (TR) and epimastigote (EP) were loaded in each lane and processed by immunoblotting. Molecular weight markers (in kDa)
are shown on the left. (e) Immunofluorescence of different stages of T. cruzi incubated with scFv A2R1 (green) and counterstained with DAPI (nucleic acid stain, blue). The third and
fourth columns show the merged and bright field images of the parasites, respectively. Scale bar: 0.5mm.
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Since the human scFv A2R1 was selected from a panning against
whole detergent soluble epimastigote lysate, proteins from this cell
extract were subjected to IP using a chimeric A2R1 antibody contain-
ing murine IgG1,k constant domains and the human scFv A2R1 vari-
able domains (chim mA2R1). It should be pointed out that the
rationale behind undertaking this experimental procedure with a full
length antibody instead the single chain fragment was merely based
on the performance of the IP assay. Among the numerous proteins
pulled down with chim mA2R1 (Fig. 2a), a major band of the
Table 1
VH and VL gene sequences of scFv A2R1.

V germline Family/
locus

CDR3 sequence CDR3 length Number of somatic
mutations (aa)

HV3�73�01 ETGCSSISCPGS 12 17
LV1�47�01 VTWYDSLRGRV 11 16

aa= number of amino acid in VH/VL genes compared to germline genes (VL
including CDR3; VH excluding CDR3).
expected MW (50�55 KDa) was observed in the antibody-containing
sample and was absent in the negative control. The identity of this
band was assessed using peptide mass fingerprinting (LC-MS/MS),
which yielded a total of 19 and 20 peptides corresponding to T. cruzi
a- and b-tubulin, covering from 44% to 59%, respectively of the hit
sequence (Table 2).

Consistent with our finding, we decided to confirm protein iden-
tity by carrying out the 2D electrophoresis using a tubulin enriched
fraction from T. cruzi epimastigotes. Therefore, parasite flagellar prep-
aration which includes the structural axoneme (9 + 2), the associated
PFR and the basal body was separated by 2-DE gels using pH 3�10
immobilized pH gradient strips and analysed by colloidal Coomassie
Blue G-250 staining and immunoblotting with scFv A2R1 (Fig. 2b).
The identity of the selected spots was determined by MALDI-TOF/MS.
A 45�65 kDa cluster on the acidic region was divided into 3 spots,
each of which was identified as b-tubulin, suggesting the presence of
different protein isoforms (Fig. 2b and Table 3).

To test whether scFv A2R1 specifically binds to parasite tubulin,
recombinant T. cruzi a-tubulin (TcATUB) was expressed in E. coli



Fig. 2. Identification of A2R1�s target antigen. (a) Parasite lysate was immunoprecipitated with chim mA2R1 covalently coupled to NHS-Activated magnetic beads or beads only
(negative control). Bound proteins were eluted and subjected to SDS-PAGE (12%), followed by protein staining using colloidal Coomassie Blue G-250. The arrow indicates the band
excised and subjected to LC�MS/MS analysis. (b) The 2-D gel of T. cruzi flagellar proteins was stained with colloidal Coomassie Blue G-250 (left panel) or transferred to nitrocellulose
and revealed with scFv A2R1 (right panel). The arrows denote the spots analysed by MALDI-TOF. Molecular weight markers (in kDa) are indicated on the left.

Table 2
Identification of A2R1 binding protein by immunoprecipitation and mass spectrometry.

Accession number Protein Description In silicoMW (in Da) Best Mascot Identity score Sequence coverage (%)

Q27352 Tubulin alpha chain 49,728 26.7 58.1
P08562 Tubulin beta chain 49,573 34.4 44.3
Q7Z1V1 Sterol 14-alpha demethylase 54,683 35.6 19.1
Q4E657 ATP-dependent 6-phosphofructokinase 53,566 28.8 18.1
Q4E162 Probable eukaryotic initiation factor 4A 45,504 35.1 15.1
P33447 Tyrosine aminotransferase 46,167 35.0 7.2
P31072 6-phosphogluconate dehydrogenase 52,155 32.9 4.8

The band corresponding to a MW ~ 50 KDa was cut from the gel shown in Fig. 4A and subjected to LC-MS/MS analysis. Protein identification was
achieved through Uniprot and TriTrypDB databases. [45] All theoretical molecular weight (MW) values were calculated using the ExPASy Compute
MW/pI tool online. Only proteins belonging to T. cruzi and MW between 45,500 and 55,000 are listed.

Table 3
Identification of A2R1 binding protein by 2D electrophoresis and mass spectrometry.

Spot number Accession number Protein description Best Mascot Identity Score Sequence Coverage (%) In silico data
MW (in Da) Pi

1 P08562 b-tubulin 165 50 49,572 4.69
2 AAL75956 b-tubulin 150 51 49,700 4.74
3 AAL75956 b-tubulin 139 40 49,700 4.74

Spots were excised from the 2-D gel shown in Fig. 4B and analysed by MALDI-TOF mass spectrometry. Protein identification was achieved
through Uniprot and TriTrypDB databases. [41,42] All theoretical molecular weight (MW) and isoelectric point (pI) values were calculated using
the ExPASy Compute MW/pI tool online.
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(Eca) and assayed by Western-blot. Strikingly, scFv A2R1 was unable
to recognize the 79 kDa protein band corresponding to the fusion
protein TcATUB-GST (Fig. 3a). Thus, we hypothesized that the target
epitope would require post-translational modifications (PTMs) car-
ried out by the eukaryotic parasite but not by bacteria [51,52]. To
confirm our hypothesis, recombinant TcATUB was produced in the
kinetoplastid Leishmania tarentolae. In order to avoid cross-reactivity
with the endogenous tubulin, TcATUB was expressed in the superna-
tant of L. tarentaole cultures by cloning its sequence fused to a secre-
tory signal. scFv A2R1 detected a major protein band of ~50 kDa in
parasite supernatants expressing the secreted TcATUB (LtA) (Fig. 3A).
This strong 50 kDa signal was absent in samples from wild type L. tar-
entolae supernatants (LtW). Instead, a fainter protein band of a
slightly lower apparent MW was detected in both recombinant and
wild type parasite supernatants, which may be due to cross-reactivity
of scFv A2R1 with small traces of endogenous L. tarentolae tubulin,
coming from cell debris not removed by centrifugation. A commercial
anti-a-tubulin antibody also recognized a single 50 kDa protein band
in supernatants from L. tarentolae expressing the secreted TcATUB
(Fig. 3b). This antibody also detected a 50 and a 79 kDa protein bands
in cell extracts from T. cruzi or E. coli expressing recombinant TcA-
TUB-GST, respectively. Notably, an antibody directed against acety-
lated a-tubulin behaved as scFv A2R1, being able to recognize only
the antigen produced by a eukaryotic expression system (Fig. 3c).
Overall, our results clearly demonstrate that the target antigen of
scFv A2R1 is tubulin and that its epitope is likely enriched in N-acety-
lated residues.

Finally, because the B cell libraries were pooled before selection it
was not possible to closely determine whether scFv A2R1 was res-
cued from B cells of single or different donors. To address this issue,
we analysed sera reactivity against TcATUB produced in L. tarentolae
by Western-blot. Tested at identical dilutions, the serum from donor
#2 showed a stronger reactivity than the serum from patient #1
(Fig. 3d), while no signal was detected for the sera from donor #3 to
#11 (Supplementary Fig. 3). Given that one of the drawbacks of phage
display is that the heavy- and light-chain pairing may not always
resemble the natural repertoire of immunoglobulin [53], our results
not only suggest that donor #2 could be the main source of this scFv,



Fig. 3. Reactivity of scFv A2R1 against tubulin expressed in L. tarentolae. Western-blot of samples corresponding to the supernatant of L. tarentolae expressing TcATUB (LtA; 20 ml),
supernatant of wild type L. tarentolae (LtW; 20 ml) and total extracts from T. cruzi (Tc; 3.5 mg) or E. coli expressing TcATUB-GST (EcA; 2 mg). The nitrocellulose membranes were
incubated with scFv A2R1 (a), anti-a tubulin (a-Tub) (b), anti-acetylated a-tubulin (Acetyl-a-Tub) antibodies (c) or sera from donor #1 and #2 (d). Molecular weight markers (in
kDa) are indicated on the left.
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but most importantly demonstrate the existence of anti-tubulin anti-
bodies in the sera of infected patients.
3.3. Colocalization of scFv A2R1 with commercial anti-tubulin
antibodies in T. cruzi

In order to test that scFv A2R1 and the commercial anti-a and
b-tubulin recognize the same subcellular structure/molecular target,
we carried out co-localization assays using confocal microscopy. First,
we confirmed by Western blot that the commercial antibodies detect
a protein band with MW similar to that recognized by scFv A2R1 in T.
cruzi extracts (Fig. 4a, right panel). Next, immunofluorescence assays
showed that scFv A2R1 in permeabilized T. cruzi epimastigotes co-
localized with the signal of anti-tubulin antibodies, all of which
labelled the flagellum and the sub-pellicular microtubules through-
out the cell body (Fig. 4a). To study the flagellum structure, the para-
sites were treated with detergent to remove the cell membrane and
soluble proteins, followed by depolymerization of the subpellicular
array, leaving the flagellum cytoskeleton intact. Fig. 4b shows that
the basal body which is firmly attached to the mitochondrial DNA
(kinetoplast) and the flagellum, in its whole length, were recognized
by scFv A2R1 and anti-a- and b-tubulin antibodies in samples from
epimastigote T. cruzi parasites.
3.4. Recognition of A2R1�s target in T. cruzi-infected cells

The capability of scFv A2R1 to recognize parasite tubulin was also
evaluated in a more physiological scenario of host-cell infection.
Human carcinoma-derived epithelial (HeLa) cells were incubated
with the trypomastigote metacyclic forms of CL Brener and after
144 h post-infection were fixed and stained with scFv A2R1. Immu-
nofluorescence images showed that the antibody labelled the intra-
cellular amastigotes on fixed-permeabilized preparations (Fig. 5a). It
is worth noting that scFv A2R1 did not react against any structure or
cytoplasm of HeLa cells.

Furthermore, immunohistochemistry performed in samples from
murine skin chagoma revealed that scFv A2R1 recognized intracellu-
lar amastigotes of Tulahuen strain and lacked reactivity towards the
mammalian dermal and epidermal cell layers (Fig. 5b).

Collectively, our results clearly show that scFv A2R1 has the ability
to tag T. cruzi tubulin expressed in different parasite strains and more
importantly in the context of in vitro and in vivo infections.

3.5. Cross-reactivity of scFv A2R1 with host neuronal protein

In light of our previous findings but given that tubulin is a
highly conserved protein with different isotypes among species
[54], we wondered whether scFv A2R1 would recognize any of its
mammalian counterpart. For this purpose, we evaluated the reac-
tivity of scFv A2R1 against multiple murine tissue extracts by
ELISA and Western-blot. As shown in the upper panel of Fig. 6a
(ELISA test), scFv A2R1 displayed a preferential binding to samples
from whole rat brain and cerebellum as well as from mouse brain
and its different areas, while no significant reaction was observed
against any other tissues. Bands of similar MW (~50�55 kDa) to
those recognized by scFv A2R1 in T. cruzi and other trypanosoma-
tids (Fig. 1d and Supplementary Fig. 2), were detected in whole
brain lysates but not in samples from a manifold of rat tissues or
parts of murine brain (Fig. 6a, lower panel). The disparity between
ELISA and Western-blot assays in A2R1 reactivity could be
ascribed to the major features of each assay (i.e. sensitivity), but
also to the relative abundance of the neuron-specific tubulin tar-
geted for the antibody in the different organs. Competition ELISA
revealed that similar to the inhibition exerted by T. cruzi extracts,
different concentrations of rat and mouse brain lysate precluded
binding of scFv A2R1 to T. cruzi protein extract. No competition
was achieved with non-brain murine tissue extracts (Fig. 6b).



Fig. 4. Co-localization of scFv A2R1 with anti-a/b tubulin antibodies in T. cruzi. (a) Confocal microscopy of T. cruzi epimastigotes parasites incubated with scFv A2R1 (green, first col-
umn) and rat anti-a tyrosinated (a-Tub) or mouse anti-b tubulin (b-Tub) antibodies (red, second column). The third column shows the overlay image. Right panel: Western-blot
showing that both commercial antibodies recognize a protein of ~50 kDa presented in parasite lysate (30 mg/lane). (b) Detergent-extracted flagella from T. cruzi epimastigotes were
co-stained with scFv A2R1 (green, first column), a- or b-tubulin antibodies (red, second column) together with DAPI (blue, third column). The fourth column shows the overlay
image. Scale bar: 0.5mm.

Fig. 5. Reactivity of scFv A2R1 with T. cruzi in infected cells. (a) Representative immunofluorescence of HeLa cells infected with T. cruzi and incubated with scFv A2R1 (green). DNA
and actin filaments staining were performed with DAPI (blue) and phalloidin-rhodamine (red), respectively. Scale bar: 0.5 mm. (b) Immunochemistry assay of mouse skin tissue
infected with T. cruzi amastigotes (Tulahuen strain). The arrow shows the scFv A2R1 signal. Upon DAB staining, sections were counterstained with haematoxylin. Scale bar: 50mm.
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In line with these results, scFv A2R1 reacted against embryonic
hypothalamus murine cells (cell line N43/5) as assessed by immuno-
fluorescence and flow cytometry analysis of fixed-permeabilized
samples. Importantly, scFv A2R1 and anti-b tubulin antibody staining
showed a near 100% overlap at subcellular level (Fig. 6c). These
results suggest that certain antibodies raised in patients during T.
cruzi infection can recognize a host protein, most likely tubulin,
expressed in the brain.
3.6. Ex-vivo staining of neurons in human brain and gastrointestinal
tract samples with scFv A2R1

The cross-reactivity of scFv A2R1 against proteins expressed in
murine brain, encouraged us to evaluate whether this antibody binds
to human nervous tissue. Immunohistochemical studies on paraffin-
embedded tissue sections of human brain cortex, diencephalon and
frontal lobe tissues revealed that scFv A2R1 recognized specifically



Fig. 6. Reactivity of scFv A2R1 against mammalian tissues. (a) Binding of scFv A2R1 against rat (r) and mouse (m) organ tissue extracts or T. cruzi lysate (Tc) evaluated by ELISA
(upper panel) and Western-blot (lower panel). The data are expressed as the OD450 nm (means § SD; n = 3). Differences between means of binding to different lysates vs to BSA
were evaluated by one-way ANOVA followed by Tukey's multiple comparison tests. **** P < 0.0001; *** P < 0.001. For Immunoblotting, 30 mg of protein corresponding to different
rat or mouse organ tissue lysate was loaded per lane. The expression of actin was used as a loading control. Molecular weight markers (in kDa) are indicated on the right. Wb: whole
brain; Ce: cerebellum; Sc: spinal cord; Bm: bone-marrow; Ki: kidney; Sp: spleen; Lv: liver; He: heart; Lg: lung; Li: large intestine; Si: small intestine; Sm: skeletal muscle; Ln; lymph
node; Ov: ovary; Ts: testis; H/C: hippocampus/cortex; Cx: cortex; Ob: olfactory bulb; Md: midbrain; Hs: hypothalamus; Sb: striated body; Pg: pituitary gland. (b) Competition ELISA
performed with T. cruzi proteins coated-plates in the presence of increasing concentrations of mouse (m) and rat (r) organ tissue extracts. Results are expressed as mean percent
inhibition values § SD (n = 3). (c) Upper panel: Immunofluorescence of embryonic hypothalamus murine cells (cell line N43/5) using scFv A2R1 (green) and anti-b tubulin antibody
(red). Scale bar: 0.5 mm. Lower panel: Representative histograms showing fixed-cells incubated with scFv A2R1 and mouse anti-VSV antibodies (gray line), with anti-VSV antibody
only (solid gray) or unstained as negative control (solid blue).
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the soma, axon, and dendrite of stellate and large pyramidal neurons
(Fig. 7a-d). No positive staining was detected in non-neuronal cells,
i.e. astrocytes, oligodendrocytes, and microglia. Since patients with
chronic Chagas disease often develop lesions in the sympathetic and
parasympathetic peripheral nervous systems, we further investigated
the reactivity of scFv A2R1 against different tissues from the gastroin-
testinal tract, including the esophagus, cecal appendix as well as right
and left colon. Immunoreactivity was detected in the neurons
arranged in the myenteric (Auerbach's) and the submucosal (Meissn-
er's) plexuses and ganglions (Fig. 7e-h). As seen before, other cellular
types, i.e. epithelial cells, immune system cells and connective tissue
did not stain with the antibody.

Finally, sera from B cells donors were tested for their immunore-
activity against human brain sections. Consistent with data shown in
Fig. 3d, results displayed that only the serum from donor #2
positively stained the diencephalon (Fig. 7i), confirming the existence
of this cross-reactive antibody in the serum of this patient. In these
experiments, samples of murine chagoma (skin) were used as posi-
tive controls while sera from non-infected donors were included as
negative controls (Fig. 7j-k, respectively).

Altogether, these data suggest a possible pathogenic role of cross-
reacting anti-T. cruzi tubulin antibodies in the development of
chronic Chagas disease.

3.7. Protein sequence analysis of trypanosomatid and mammalian
tubulins

Based on our results pointing out to a neuron specific cross-reac-
tion of A2R1 antibody with tubulins, we compared a- and b-tubulin
protein sequences from mammals and parasites, with special



Fig. 7. Immunohistochemical staining of human brain and peripheral nervous system. Representative images of paraffin-embedded sections of tissues from refractory epilepsy
patients or healthy individuals challenged with scFv A2R1 and sera from donor patients. After deparaffinization, tissue sections were incubated with scFv A2R1 (a-h; j), serum from
donor #2 (i) or from a non-infected donor (k). Tissue coverslips were developed with DAB as a substrate and counterstained with haematoxylin. Scale bars: 100 mm (left column);
200 mm (inset in right column). A: temporal lobe; B: frontal lobe; C: hippocampus; D: diencephalon; E: left colon; F: right colon; G: esophagus; H: cecal appendix; I: olfactory bulb;
J: skin of murine chagoma provoked by T. cruzi Tulahuen strain (positive control); K: left colon (negative control). No staining pattern was observed with sera from other donors
that were included to prepare the scFv libraries.
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emphasis on PTM sites. An alignment was built with tubulin sequen-
ces from mammals (human, rat and mouse) plus 100 a-tubulin and
83 b-tubulin sequences from the parasites T. cruzi, T. brucei, C. fascicu-
lata and Leishmania spp. Mammalian a- and b-tubulins have different
isotypes that can be mainly distinguished by their C-terminal sequen-
ces [52,55,56], while trypanosomatids display a single isotype for
a-tubulin and another one for b-tubulin (Fig. 8). The sequence iden-
tity between trypanosomatids tubulin is ~95�99% and ~70�85%
when compared to the mammalian counterparts (Supplementary
Table 2). Furthermore, trypanosomatid a-tubulin possesses the high-
est identity and similarity with mammalian isotypes 1 and 3 while
b-tubulin is similar to the isotypes 2, 4 and 5.

Protein aligned sequences showed that all PTM sites found in the
N-terminal and intermediate domains of mammalian tubulin are
conserved among the trypanosomatid tubulins (Fig. 8), except for
a-tubulin’s polyamination site, Glutamine 128, that is also absent in
the mammalian isoforms TUBA3C/D/E and TUBA8. Regarding the C-
terminal PTMs, the sequences from trypanosomatid tubulins exhibit
multiple glutamic acids that can undergo polyglutamylation [52,57].
Interestingly a- and b-tubulins from trypanosomatids present a C-
terminal tyrosine, contrary to mammalian tubulins where only
a-tubulin’s isotypes 1 and 3 harbor this residue at their C-terminal
ends (Fig. 8). This might indicate that in trypanosomatids, both a-
and b-tubulins can be detyrosinated [52].

Overall, our analyses show high identity and similarity among the
sequences of parasites and mammals, and a complete conservation in
trypanosomatids of all PTM sites previously reported in mammalian
a- and b-tubulins.

4. Discussion

Herein we report for the first time the characterization of a human
monoclonal antibody isolated by using the single-chain Fv phage dis-
play library technology that specifically recognizes both T. cruzi and
human tubulins. The scFv libraries were constructed by amplifying
the immunoglobulin genes from chronic Chagas disease patients and
were panned using a protein lysate of non-infective T. cruzi epimasti-
gotes. The isolated antibody, named A2R1, binds to tubulin present in
the three life stages of T. cruzi, as well as in other members of the Try-
panosomatidae family such as T. brucei, L. braziliensis, C. fasciculata



Fig. 8. Multiple sequence analysis of post-translational modification sites and C-terminal regions of tubulin from mammals and trypanosomatids. Sequence alignment correspond-
ing to the PTM sites (+/- 2 amino acids) and C-terminal regions of a- and b-tubulins from mammalian isotype and trypanosomatid chains. Multiple sequences were aligned for the
trypanosomatid a- (N = 100) and b- (N = 83) tubulins, but as the featured regions show 100% conservation, only a single sequence is being displayed. The amino acid positions are
displayed below the aligned sequences.
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and B. culicis. Notably, the antibody reveals a significant degree of
cross-reactivity with human tubulin expressed in neurons, but not in
supporting cells from the peripheral and central nervous system.

Tubulin is a highly conserved globular protein found in solution
as heterodimers of two closely related 55-kDa polypeptides, a-tubu-
lin and b-tubulin [58�60]. In mammalians, the tubulin consists of
seven a- and eight b-tubulin isotypes which have different func-
tionalities as well as tissue distribution [61]. To date, only one iso-
type of a- and b-tubulin has been described in trypanosomatids.
[52] The tubulins from both organisms differ mostly in the length
and primary sequence of the highly negatively charged and disor-
dered C-terminal tail which is exposed at the protein surface. This
region undergoes the majority of the PTMs [62�65]. Tubulin poly-
merization forms the protofilaments that, via a dynamic process,
assemble into microtubules, one of the major components of the
cytoskeleton with key roles in maintenance of cell shape, motility,
trafficking of proteins and organelles as well as in the formation of
mitotic spindle during cell division [66]. In trypanosomatids, the
microtubules are involved in the morphological changes occurring
during the parasite life cycle [67].
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Previous studies reported the occurrence of antibodies against
tubulin in murine infection models of T. cruzi [68�72]. By analysing
the antibody repertoire with a semiquantitative immunoblot, Mon-
talv~ao et al. identified tubulin as the major protein antigen of mice
acutely and chronically infected with T. cruzi clone Dm28c [72]. Inter-
estingly, monoclonal antibodies obtained from a mouse infected with
a clinical isolated T. cruzi strain, recognized parasite tubulin and a-
but not b-tubulin isolated from chicken brain extracts [68,69]. How-
ever, the tissue-specificity of these antibodies was not further stud-
ied. On the other hand, antibodies reactive to neurons of the central
and peripheral nervous system [73] as well as sciatic nerve homoge-
nate [74] have been found in sera from patients with chronic Chagas
disease. Herein, the cross-reactivity of A2R1 with host tubulin
expressed in specific structures of the nervous system is demon-
strated by the following observations: i) A2R1 reacted against brain
lysate or its different sections; ii) A2R1 signal co-localized with that
of anti-tubulin antibodies in a neuroblastoma cell line; iii) A2R1
yielded positive immunohistochemical staining of neuronal cells
from human brain and different tissues of the gastrointestinal tract
and iv) A2R1 did not recognize any structure of HeLa cells, skin from
murine chagome or immune/supporting cells from neuron tissue.
Although polyclonal B lymphocyte activation or hypergammaglobuli-
nemia are two phenomena directly associated with the infection
[6,75,76], molecular mimicry is the leading hypothesis for the exis-
tence of self-reactivity against tubulin in the context of Chagas dis-
ease. Molecular mimicry arises from four well-described types of
events, namely a complete identity, homology, shared-epitopes or
structural similarities between host�s and pathogen�s proteins [77].
Our findings clearly are in line with the third type of event since
A2R1 recognizes a tubulin epitope modified by one of the PTMs
described in trypanosomatids [52]. These data and the fact that some
isotypes of mammal’s tubulins are neuron specific (TubB3 and
TubB4A) [55] raise the question about the structural motif of tubulin
that is recognized by the antibody. Our in silico analysis of all the
human and trypanosomatids a- and b- tubulin protein sequences
available in public databases [44,45,78�80] could not provide conclu-
sive information because most residues subject to PTM (i.e. acetyla-
tion, detyrosination/tyrosination, polyglutamylation) are conserved
among the different species. Of note, tubulin phosphorylation can be
ruled out because tubulin dephosphorylation occurs upon adhesion
of trypomastigotes to the extracellular matrix [81], and A2R1 did rec-
ognize the parasite in the murine chagoma. However, the fact that
tubulin acetylation and tyrosination have a main role in the develop-
ment of neurodegenerative diseases [82,83], tempt us to speculate
that the target epitope may contain these PTMs. Currently, we are in
the process of challenging our hypothesis by dissecting the molecular
specificity of antibody recognition.

Regarding the neurological manifestations in Chagas disease, they
are detected in up to 10% of patients in the acute phase, and include
meningoencephalitis, headaches, tumor-like form, lethargy and
mood changes [84,85]. Children and immunosuppressed individuals
are much more compromised [84,85]. During the chronic phase, an
imbalance between sympathetic and parasympathetic systems
involving neuronal cell destruction has been widely reported [85].
Indeed, megacolon and megaesophagus, the clinical manifestations
of gastrointestinal Chagas disease, are the consequence of the auto-
nomic nervous system dysfunction [86,87]. On the contrary, the cen-
tral nervous system condition induced by T. cruzi infection is rare and
mainly confined to immunocompromised patients [88], its symptoms
are similar to those diagnosed in the acute phase but frequently more
serious [85]. The underlying pathogenesis of these neurological disor-
ders is still unknown, and is supposed to be consequence of the same
pathogenic mechanisms behind the cardiac and digestive disorders:
parasite persistence and self-reactive immune mechanisms devel-
oped as a result of T. cruzi infection [3,6,89]. Although it is not possi-
ble to rule out the presence of the parasite in different cell types of
the nervous system as well as in the cerebrospinal fluid [90], antibod-
ies against tubulin are directly associated with a broad spectrum of
neurodegenerative diseases [91�94]. In particular, Kirvan et al.
found that monoclonal antibodies isolated from patients with Syden-
ham’s chorea, a central nervous system disease linked to group A
streptococcal infection, reacted with a tubulin expressed in neuronal
cells. The authors also questioned why the brain is the target of their
monoclonal antibodies. Since tubulin is so abundant in many tissues,
antibody recognition could probably be due to molecular mimicry
with a bacterial extracellular lysoganglioside [92]. In the light of our
findings, a longitudinal study aimed to correlate anti-tubulin sera
and neurological symptoms/dysfunction in a large cohort of patients
suffering different forms of Chagas disease, deems essential to under-
stand the role of immune responses and cross-reactivity in the patho-
genesis of T. cruzi infection.

By using phage display technology involving cDNA isolated from B
cells of patients with chronic Chagas disease, we clearly demonstrate
the cross-reactivity of a human antibody between T. cruzi and a mam-
mal tubulin expressed only in neural tissue. The binding site of this
antibody involves one of the PTMs present in trypanosomatids and
this fact may probably explain the fine specific recognition of the
neuronal-tubulin isotype. This work presents a conundrum: why this
antibody cross-reacts only with neural tubulins?, do these tubulins
have a particular PTM responsible for antibody specificity?, do anti-
tubulin antibodies occur in the majority of patients with Chagas dis-
ease or only in those suffering from neurological disorders?, have
these antibodies a relevant role in the outcome of pathophysiological
effects?. We strongly believe that answering these questions will
strengthen the significance of the auto-immune component in the
context of Chagas disease not only to explain the mechanism
involved in its progression but also to redefine future therapeutic
strategies.
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