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Abstract.

Trypanosoma cruzi causes life-long disease after infection and leads to cardiac disease in 30% of infected

individuals. After infection, the parasites are readily detectable in the blood during the first few days before disseminating
to infect numerous cell types. Preliminary data suggested that the Tc24 protein that localizes to the 7. cruzi membrane
during all life stages possesses B-cell superantigenic properties. These antigens facilitate immune escape by interfering
with antibody-mediated responses, particularly the avoidance of catalytic antibodies. These antibodies are an innate host
defense mechanism present in the naive repertoire, and catalytic antibody—antigen binding results in hydrolysis of the
target. We tested the B-cell superantigenic properties of Tc24 by comparing the degree of Tc24 hydrolysis by IgM purified
from either Tc24 unexposed or exposed mice and humans. Respective samples were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis, silver stained, and the degree of hydrolysis was measured. Data presented in this
report suggest that the 7. cruzi Tc24 is a B-cell superantigen based on the observations that 1) Tc24 was hydrolyzed by
IgM present in serum of unexposed mice and humans and 2) exposure to Tc24 eliminated catalytic activity as early as

4 days after T cruzi infection.

INTRODUCTION

Chagas disease is a parasitic infection caused by the hemo-
flagellate protozoan Trypanosoma cruzi. There are an esti-
mated 8-9 million prevalent human cases worldwide! with an
estimated 300,000-1 million infections in the United States.”
This vector-borne parasite is transmitted to humans and a
wide variety of other mammalian hosts by the triatomine bug
found throughout South and Central America, Mexico, and
portions of the southern United States.® Infection occurs when
the parasite is released in the feces of a feeding triatomine
and introduced into the host at mucosal surfaces or via skin
abrasions. Less commonly, 7. cruzi is transmitted congenitally,
through blood transfusion, transplantation, or from consump-
tion of contaminated food or beverages.> Once inside a mam-
malian host, 7. cruzi disseminates systemically and parasitic
nests are most commonly found in the tissues of the heart and
digestive tract.

Acute Chagas disease can be asymptomatic, but is often
characterized by the appearance of a chagoma, an inflamma-
tory nodule at the site of inoculation, followed by early clinical
manifestations that can range from asymptomatic to general
fever and facial edema in healthy persons. In immuno-
suppressed persons, symptoms can range from myocarditis,
hepatomegaly, splenomegaly, and meningoencephalitis that
occasionally can result in death.* After the acute phase, the
majority of people enter an indeterminate stage that is largely
asymptomatic, but approximately 30% will develop cardiomy-
opathy or more rarely megacolon or megaesophagus. The
current etiological treatments for Chagas disease, nifurtimox
or benznidazole, are not Food and Drug Administration-
approved medications and are associated with several severe
adverse effects.>® Moreover, neither nifurtimox nor benz-
nidazole reverse existing pathology.>® Because of the limited
efficacy of available medications, a vaccine or novel therapeu-
tic approach would be cost effective and benefit the prevention
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and treatment of Chagas disease.”® A better understanding of
host/pathogen interactions including immune evasion strategies
used by T. cruzi would facilitate these efforts.

Antibodies that develop as a consequence of antigen expo-
sure and affinity maturation bind microbial antigens non-
covalently and are central to immune defense against microbial
pathogens. Of the immunoglobulins, IgM and homologous
molecules were the first selected evolutionarily and the first to
develop ontogenetically after exposure to antigen.” IgM pro-
duction by germ line-encoded immunoglobulin genes combines
conserved evolutionary memory with effective effector func-
tions in the absence of somatic hypermutation and develop in
germ-free and antigen-free mice and represent an innate, first
line of defense.” Some of these IgM molecules are also catalytic
antibodies that are capable of hydrolyzing target antigens
because of the presence of specific amino acid sequences (e.g.,
the catalytic triad comprises Ser27a, His93, and Aspl) encoded
by variable region germ line antibody genes.'®!! Because of
their innate production and lack of somatic hypermutation,
IgMs possess the most efficient antigen-specific catalytic activity
(IgM > IgA > IgG)."?

The naive antibody repertoire present in humans is derived
from a large pool of B cells expressing diverse B-cell receptors
(BCRs) generated by approximately 500 different germ line
genes encoding the Vi/Vy, diversity, and joining segments
that also hold the potential of generating thousands of anti-
bodies of various classes (e.g., [gM, IgG, and IgA); each with
a unique antigen-binding specificities.'*> The combinational
IgM repertoire derived from germ line V, D, and J segments
can encode approximately 4 x 10~ V;—Vy; domain pairs and
does not include expansion due to junctional diversification.'?
This naive or natural antibody pool in both humans and ani-
mals has been shown to possess catalytic activities that range
from promiscuous, that is, sequence-independent recognition
of peptides to the hydrolysis of specific target antigens
resulting from specific, noncovalent antigen recognition medi-
ated by a serine protease mechanism.”

Nucleophilic sites encoded by germ line V genes (without the
need for antigen stimulation through the BCR) and selected
over millions of years are universally expressed by antibodies
resulting in promiscuous catalytic antibody activity,'* suggesting
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that this innate (promiscuous) activity provides a homeostatic
function.'> For example, high and low levels of promiscuous
catalytic activity has been linked to decreased and increased
risk of death in patients with sepsis, respectively.'®!” In con-
trast to antibodies with promiscuous activity, antibodies with
noncovalent antigen-binding specificities to respective anti-
gens are endowed with the ability of hydrolyzing specific tar-
gets. That is, although different antibodies may have the
potential for enzymatic activity, lysis of specific targets is the
result of initial antigen specific, noncovalent binding followed
by target hydrolysis.'” Because of the ability of catalytic anti-
bodies to hydrolyze and inactivate their targets, their potential
role in neutralizing microbial antigens is significant; however,
their role in protection against microbial pathogens remains
largely unexplored.

A subset of antigens have been defined as B-cell super-
antigens (BC-SAgs) because 1) antibodies present in the naive
repertoire encoded by germ line sequences have specificity for
these antigens, for example, staphylococcal protein A and the
extracellular fibrinogen-binding protein, and human immuno-
deficiency virus (HIV) gp120'®'82! and 2) exposure to
BC-SAgs results in the depletion of the B-cell subsets secret-
ing antibodies with BC-SAg hydrolyzing potential, leaving a
“hole” in the catalytic repertoire.'®'" We hypothesize that
BC-SAgs evolved in part to counter catalytic antibody-
mediated hydrolysis of target antigens.

As described above, the HIV gp120 glycoprotein represents
one example of a BC-SAg that can be hydrolyzed by IgM
purified from uninfected people* and it’s hydrolysis is lost
after BC-SAg exposure as a consequence of clonal B-cell
depletion.”? As described for HIV/acquired immune deficiency
syndrome, 7. cruzi may also produce a potential BC-SAg. For
example, Tc24 is a member of the excretory/secretory antigen
family** that localizes to the membrane during all life stages
and is primarily expressed at the flagellar pocket.*** B cells
exposed to Tc24 have been shown to clonally expand both
in vivo and in vitro?® and the immunoglobulin response elic-
ited by Tc24 is nonspecific and composed primarily of IgM,
similar to what occurs after B-cell stimulation by mitogens. In
addition, injection of Tc24 into athymic mice suggested that
the observed B-cell activation occurred independent of T cell
help.>* Data presented in this report suggest that Tc24 exhibits
BC-SAg properties based on the observation that exposure
to Tc24 via either antigen injection or infection with 7. cruzi
significantly reduced IgM-mediated cleavage of Tc24.

MATERIALS AND METHODS

Recombinant proteins. Recombinant Tc24 was expressed
in Escherichia coli BL21(DE3) by cloning an E. coli codon-
optimized DNA coding for full-length Yucatan strain 7. cruzi
24 kDa flagellar calcium-binding protein (Tc-24E-Yucatan,
amino acids 1-211) in frame into pET4la vector between
Ndel and EcoRI sites. Na-ASP-2 (Ancylostoma-secreted pro-
tein) was cloned from human hookworm Necator americanus
and expressed as a recombinant protein in Pichia pastoris
X-33 as described previously.”” The recombinant Staphylococ-
cus aureus S component of the Panton—Valentine bicomponent
pore-forming leukotoxin (LukS-PV) and the enteroaggre-
gative E. coli strain O42 dispersin protein have been described
in previous work.”*>! Recombinant S. aureus toxic shock syn-

drome toxin (TSST) was purchased from IBT Bioservices
(Gaithersburg, MD).

Parasites and mice. 7rypanosoma cruzi CL strain expressing
tdTomato (CL-tdTomato)*> was provided by Rick Tarleton
(University of Georgia, GA) and trypomastigotes were main-
tained by continuous in vitro passage in C2C12 cells. Trypanosoma
cruzi H1 strain previously isolated from a human case in Yucatan,
Mexico™ was provided by Eric Dumonteil (Universidad Auto-
noma de Yucatan) and maintained by serial passage in Balb/c
mice. Female Balb/c mice, 6—8 weeks old, were obtained from
Taconic Biosciences (Hudson, NY).

Immunizations and infections. Naive mice were injected twice,
2 weeks apart with 25 pug recombinant Tc24 protein adsorbed
to 200 pg Alhydrogel® (Brenntag Biosector, Frederikssund,
Denmark) (referred to as alum for the remainder of the report),
or alum only. Blood was collected 2 weeks after the second
injection by cardiac puncture under anesthesia (150 mg/kg
ketamine/15 mg xylazine). Pooled sera from noninfected and
noninjected Balb/c, C57BL/6, CD-1, and non-Swiss albino mice
were also obtained from Innovative Research (Novi, MI).

For acute infection studies, naive mice were infected with
500 blood-form trypomastigotes of 7. cruzi H1 and killed at
4,7, 21, 28, or 49 days after infection. For chronic infection
studies, mice were infected with 1,000 tissue culture trypo-
mastigotes of 7. cruzi CL-tdTomato by intraperitoneal injec-
tion and killed at 166 and 238 days after infection. At the
designated time points, mice were exsanguinated by cardiac
puncture under anesthesia as described above. All mouse
studies were performed in compliance with the National
Institutes of Health Guide for the Care and Use of Labora-
tory Animals and were approved by the Baylor College of
Medicine Institutional Animal Care and Use Committee.

Human samples. Written informed consent was obtained
before human serum samples were collected and the study was
approved by the Baylor College of Medicine Institutional
Review Board. Blood samples were collected from individuals
identified as potentially Chagas positive by the Gulf Coast
Regional Blood Bank (Houston, TX), as previously described.**
Human samples were divided based on serology into either
Chagas-positive or Chagas-negative controls. Chagas positive
were individuals that tested positive for Chagas on six differ-
ent diagnostic tests: ortho 7. cruzi enzyme-linked immunosor-
bent assay (ELISA) (Ortho-Clinical Diagnostics, Rochester,
NY), radioimmunoprecipitation assay, Stat-Pak (Chembio
Diagnostic Systems, Medford, NY), DPP (ChemBio Diagnostic
Systems), Chagatest (Wiener Laboratories, Santa Fe, Argentina),
and immunofluorescence antibody assays. Chagas-negative
individuals were defined as testing negative for Chagas using
all serological tests described above. Serum was isolated from
blood samples of 13 Chagas-positive individuals and five
Chagas-negative controls. Chagas-positive individuals were
further divided by the presumed region where the infection
was acquired. Infections acquired in the United States were
defined by no significant history of travel to endemic regions
or having received blood or tissue translplants.** To rule out
congenital transmission, these individuals and their mothers also
had to be born in the United States. Participants not matching
the definitions for locally acquired infections were considered to
have been infected in an endemic area as described previously.*

IgM and IgG purification. IgM and IgG antibodies were
purified from mouse or human serum samples using
CaptureSelect’ Affinity Matrix from Life Technologies
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(Grand Island, NY). To isolate IgM, serum (< 1 mL) was
applied to columns containing 400 pL of IgM CaptureSelect
IgM Affinity Matrix resin and the flow through was collected
and stored at —80°C until used for IgG purification or applied
directly to CaptureSelect IgG Affinity Matrix resin. IgM and
IgG isotypes were collected as specified by the manufacturer.
Briefly, columns were washed with 5 column volumes (CVs) of
phosphate-buffered saline (PBS). IgM or IgG were eluted in
5 CVof 0.1 M glycine (pH 3.0) into a tube containing 0.1 CV of
1 M Tris, pH 8.0. The elution fraction was then dialyzed against
PBS. Immunoglobulin concentrations were determined using a
micro BCA kit (Pierce, Rockford, IL). Electrophoretic homoge-
neity of antibody preparations was assessed by subjecting IgM
and IgG purified from the serum of mice or humans in respec-
tive groups to either reducing or nonreducing 15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) followed by either silver staining or immunoblot-
ting. Human IgM preparations were blotted onto nitrocellulose
paper and probed with goat antihuman p-chain—specific peroxi-
dase conjugated (Sigma-Aldrich Corporation, St. Louis, MO),
goat antihuman k light chain—specific peroxidase conjugated
(Sigma-Aldrich Corporation), or goat antihuman A light chain—
specific peroxidase conjugated (Sigma-Aldrich Corporation)
antibodies. Mouse IgM or IgG preparations were blotted onto
nitrocellulose paper and probed with rabbit anti-mouse « light
chain (MP Biomedicals, Santa Ana, CA) and band visualization
was carried out using a goat anti-rabbit alkaline phosphatase
(AP) antibody (Sigma-Aldrich Corporation).

Proteolysis assays. IgM- or IgG-mediated hydrolysis of Tc24
(and control proteins) was determined by incubating 15 pL of
respective purified immunoglobulin preparations with 5 pL of
104 pM Tc24 in PBS with 4 mM 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate and 268 pg/mL gelatin
at 37°C with shaking.'*!° Reactions were stopped at various
time points by adding 4x nonreducing SDS-PAGE loading
buffer (Bio-Rad, Hercules, CA). Hydrolysis of target antigens
was conducted using antibody concentrations ranging between
14 and 135 pg/mL (diluted in PBS). Hydrolysis rates were
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determined and expressed as percentage Tc24 hydrolysis using
the following equation: (1-[s—Ab]/[s—BC]) x 100. In this equa-
tion [s—Ab] and [s—BC] represent the intensity of the intact
protein band for the antibody-containing reaction and the con-
trol reaction containing only buffer, respectively. Band intensi-
ties were determined using ImageJ software (Bethesda, MD).
To determine kinetics of the hydrolysis reaction, hydrolysis
was measured at increasing concentrations of Tc24 and data
fit to the Michaelis-Menten equation. The ability of protease
inhibitors to inhibit respective hydrolysis reactions was assessed
by adding either a serine protease inhibitor, 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) (1 mM); a cys-
teine protease inhibitor, leupeptin (50 uM); or a metalloprotease
inhibitor, ethylenediaminetetraacetic acid (EDTA) (2 mM).
Binding assays. Binding of IgG antibody to immobilized
Tc24 was measured in triplicate using an ELISA as previously
descried.* In brief, bound mouse IgG was detected using a
goat anti-mouse y-chain specific AP-conjugated antibody. The
reaction was developed by adding 100 pL of 1 mg/mL Sigma
104 Phosphatase substrate (Sigma-Aldrich Corporation) dis-
solved in 1 M diethanolamine, 0.5 mM MgCl,, pH 9.8 for
1 hour. The optical density was measured at 405 nm using a
microplate reader (Molecular Devices, Menlo Park, CA).

RESULTS

IgM-mediated hydrolysis of Tc24. A hallmark of BC-SAgs
is their susceptibility to hydrolysis by catalytic antibodies
present in the naive repertoire. Because IgM antibodies are
derived from germ line immunoglobulin sequences with the
potential of mediating hydrolysis of respective BC-SAg tar-
gets and previously demonstrated to possess the highest
levels of enzymatic activity,'* IgM was purified from pooled
mouse sera and from the sera of five healthy human negative—
control donors. Pooled, polyclonal IgM preparations were
subsequently incubated in the presence of Tc24 and hydroly-
sis determined by subjecting samples to SDS-PAGE and
measuring Tc24 depletion (Figure 1A and B).

-~ Mouse
- Human

Tc24 -

Ficure 1. Hydrolysis of Tc24 by IgM purified from unexposed mice and humans. IgM was pooled from the sera of naive Balb/c mice and
from the sera of five individuals that tested negative for Chagas and Tc24 hydrolysis was assessed over a period of 48 hours. (A) Dose-dependent
hydrolysis of Tc24 by mouse or human IgM (0, 25, 50, and 100 pg/mL). (B) Representative silver-stained gel demonstrating hydrolysis of Tc24
(2.6 uM) by either human or mouse IgM (100 pg/mL). Parent band depletion was measured using ImagelJ.
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Ficure 2. IgM purity, rate, and mechanism of hydrolysis. IgM from seven mice randomly selected from respective treatment groups was
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and either (A) silver-stained or (B) transferred to nitrocellulose
paper and probed with an alkaline phosphatase-conjugated rabbit anti-mouse kappa chain specific monoclonal antibody. (C) The effect of vari-
ous inhibitors on IgM-mediated hydrolysis was tested by incubating 45 pg/mL IgM purified from alum-only injected mouse serum with 2.6 pM
Tc24 for 48 hours at 37°C with shaking in the presence or absence of a serine protease inhibitor, AEBSF (1 mM); a cysteine protease inhibitor,
leupeptin (50 uM); or a metalloprotease inhibitor, Ethylenediaminetetraacetic acid (2 mM); and then subjected to SDS-PAGE using 15%

Tris-Gly gels. Percent cleavage calculated using Imagel.

IgM purity, specificity, and nature of the enzymatic
reaction. The purity of each IgM preparation used was con-
firmed by both silver staining and immunoblot analyses demon-
strating that respective preparations were electrophoretically
homogenous (Figure 2A and B). Purity was assessed for all
IgM preparations used in subsequent hydrolysis experiments
(data not shown).

We observed saturation Kkinetics consistent with the
Michaelis-Menten equation (Table 1). The apparent 5.11 x 10°
M min?) ke/Ky is similar in enzyme efficiency to previ-
ously reported catalytic antibodies with reactivity against differ-
ent substrates.'”*”** Presence of the serine protease inhibitors,
AEBSF and leupeptin (also a cysteine and threonine protease
inhibitor), reduced IgM-mediated hydrolysis of Tc24 compared
with no inhibition observed for the metalloprotease inhibitor
EDTA. The diminished inhibitory effect of leupeptin relative
to that of AEBSF was not surprising as leupeptin has been
shown be a less effective serine protease inhibitor, and in one
study failed completely to inhibit serum IgA-mediated hydro-
lysis.***® These experiments demonstrated that catalytic
antibody-mediated hydrolysis of Tc24 occurred via a serine
protease mechanism as previously described for other catalytic
antibody-mediated hydrolysis reactions (Figure 2C)."

TaBLE 1
Antibody kinetics

Kear (min™"') or apparent Vi
(1M substrate/uM IgM/minute)

0.022 + 0.006

Antibody
Mouse IgM

Apparent Ky
43 +39

50 pg/mL IgM purified from alum-only vaccinated mouse serum was incubated with vary-
ing concentrations of Tc24 (2.6, 5.2, 10.4, and 20.8 uM) for 19 hours at 37°C with shaking
and then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis using 15%
Tris-Gly gels. Percent cleavage calculated using ImageJ. Apparent k¢, and Ky, values were
calculated by fitting data to the Michaelis—-Menten equation.

The specificity of the IgM-mediated hydrolysis reaction for
Tc24 was demonstrated by incubating non-BC-SAg recombi-
nant proteins generated from various pathogens including
N. americanus (Na-ASP-2), a major protein released by
infective hookworm larvae, S. aureus (LukS-PV and TSST),
and E. coli (dispersin). Only Tc24 was hydrolyzed by IgM
purified from alum-only immunized animals (Figure 3).
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FiGure 3.  Specificity of IgM-mediated hydrolysis. IgM (45 pg/mL)
purified from alum-only injected mouse serum was incubated with
2.6 pM of either Tc24, Na-ASP-2, Panton—Valentine bicomponent
pore-forming leukotoxin (LukS-PV), toxic shock syndrome toxin
(TSST), or dispersin for 24 hours at 37°C with shaking. Samples were
then subjected to sodium dodecyl sulfate polyacrylamide gel electro-
phoresis using 15% Tris-Gly gels and silver-stained.
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Tc24 injection reduces IgM-mediated hydrolysis of
Tc24. Hydrolysis of respective antigens by antibodies present
in the naive repertoire is not sufficient to define a BC-SAg.
A second criterion requisite of BC-SAgs is their ability to
reduce catalytic activity specific to that BC-SAg after expo-
sure. This is accomplished as a consequence of the signals
resulting from the antibody-BC-SAg interaction, that is, B-cell
clones capable of binding and hydrolyzing respective BC-SAgs
are deleted from the repertoire.!”??* This criterion was
assessed by measuring hydrolysis of Tc24 after incubation
with IgM preparations purified from mice injected with Tc24
in the presence of alum, or from mice injected with 200 ng
alum only (negative control) (Figure 4A). The IgM concen-
tration tested was 50 pg/mL for IgMs purified from Tc24
injected or alum-only injected mice. This concentrations is
40 times less than physiologic IgM concentrations. Represen-
tative silver-stained gels demonstrate hydrolysis of the parent
Tc24 band by IgM purified from alum-only injected mice
(Figure 4C) compared with hydrolysis carried out by IgM
purified from mice injected with 25 pg Tc24 + 200 pg alum
(Figure 4B). These data suggest that the IgM pool purified
from mice exposed to Tc24 was devoid of a subset of IgM
molecules present in the other IgM preparations that medi-
ated Tc24 hydrolysis.

A 100

80

% Tc24 Hydrolysis

Trypanosoma cruzi infection reduces IgM-mediated
hydrolysis of Tc24. To examine the impact of 7. cruzi infection
on the hydrolysis of Tc24, IgM was purified from the serum of
either T. cruzi-infected mice or from humans diagnosed with
Chagas disease on the basis of serology. As observed after
immunization with Tc24, T. cruzi infection also resulted in a
significant reduction in Tc24 hydrolysis by IgM preparations
purified from the respective groups (Figure 5A and B).

We next assessed the temporal effects of Tc24 exposure on
catalytic activity after infection with 7. cruzi H1 strain. IgM
was purified from individual mice that were killed at 4, 7, 21,
or 28 days postinfection and tested in Tc24 hydrolysis assays.
These data demonstrated a significant and time-dependent
reduction in hydrolytic activity detectable as early as day 4
postinfection (Figure 6). This temporal reduction in catalytic
activity was associated with a parallel increase in the IgM
concentration after infection suggesting that the reduction in
catalytic activity is independent of the ability to generate an
IgM response (Figure 6).

DISCUSSION

Data presented in this report demonstrated that Tc24 is
a BC-SAg based on the observations that: 1) Tc24 was

FiGure 4. Impact of injection with Tc24 on IgM-mediated hydrolysis. Balb/c mice were injected with either 25 pg Tc24 + 200 pg alum or
200 pg alum only (control). (A) IgM (50 pg/mL) from the Tc24 injected group and from the alum injected group was incubated with 2.6 uM
Tc24 for 40 hours at 37°C with shaking, and then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis using 15% Tris-Gly
gels. Percent cleavage was calculated using Imagel. Representative silver-stained 15% Tris-Gly gels of Tc24 hydrolysis by IgM purified from
either (B) 25 pg Tc24 + 200 pg alum injected mice or (C) alum-only injected mice. Numbers indicate individual IgM samples purified from
mice in respective groups tested in Tc24 hydrolysis assays, in duplicate. BC = buffer control (contains all reagents except for purified IgM).

*P < 0.0001 using the unpaired, two-tailed ¢ test.
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FiGure 5.  Effect of Trypanosoma cruzi infection on IgM-mediated
hydrolysis of Tc24. (A) Balb/c mice were infected with either H1 or
CL-tdTomato strains of 7. cruzi and allowed to progress to either
acute or chronic disease states. I[gM (30 pg/mL) purified from infected
or uninfected mice was incubated with 2.6 uM Tc24 at 37°C with
shaking and then subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) using 15% Tris-Gly gels. Percent
cleavage was calculated using ImageJ. (B) IgM (45 pg/mL) purified
from human serum samples collected from individuals with either
Chagas positive or Chagas negative serology tests was incubated with
2.6 uM Tc24 for 24 hours at 37°C with shaking and then subjected to
SDS-PAGE using 15% Tris-Gly gels. Percent cleavage calculated using
ImageJ. DPI = days postinfection. *P < 0.005 using the unpaired, two-
tailed ¢ test.

hydrolyzed by IgM purified from mice and humans not
previously exposed to Tc24 by either injection or 7. cruzi
infection and 2) after exposure to Tc24, the subset of IgM
antibodies mediating Tc24 hydrolysis is absent similar to
what has been described for other BC-SAgs.'**” Responses
to BC-SAgs (i.e., reduction in catalytic activity) are opposite
to responses generated after exposure to conventional anti-
gens, which are recognized by complementarity determining
regions leading to class-switching and affinity maturation.*!
Antibodies with catalytic potential are an innate immune
defense mechanism not associated with adaptive immunity
that likely evolved as a means of hydrolyzing antigenic targets.
BC-SAgs represent a microbial response to this host defense
mechanism that is important to pathogens such as 7. cruzi
that spend a period of time in the blood stream.

We observed significant hydrolysis of Tc24 at concentra-
tions of IgM approximately 40 times less than the 2 mg/mL
present in serum. These data suggested that the presence of
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Ficure 6. Temporal effects of antigen exposure on catalytic
activity. Mice were infected with Trypanosoma cruzi by injection of
500 blood form trypomastigotes of 7. cruzi H1 and individual mice
were killed at 4, 7, 21, or 28 days postinfection. IgM (65 pg/mL)
purified from individual mice killed at each time point was incu-
bated with 2.6 uM Tc24 for 72 hours at 37°C with shaking and
subjected to sodium dodecyl sulfate polyacrylamide gel electropho-
resis using 15% Tris-Gly gels. Percent cleavage calculated using
ImagelJ. IgM recovery from individual mice was determined using
Micro BCA Kkit.

catalytic IgM in the preimmune serum may provide some
degree of protection against acute forms of disease if the cat-
alytic activity were to remain present long enough to prevent
T. cruzi replication and dissemination. On the basis of the
observation that catalytic activity was significantly reduced
by day-4 postinfection, it is likely that protective catalytic
responses would be marginal at best, which may explain why
catalytic responses are not protective in the context of acute
T. cruzi infections. That IgM plays an important role during
the early stages of infection and provides some level of
innate protection is supported by the observation that rats
deficient in IgM had an increased susceptibility to acute
infection.*> What level of protection would be achieved if
catalytic activity were not abolished remains unknown at this
time. Therefore, developing vaccine formulations that stimu-
late rather than reduce catalytic activity against Tc24 may
potentially result in a robust immune response with the
potential of controlling the initial infection.

Another variable potentially affecting susceptibility to infec-
tion is heterogeneity of hydrolysis rates between individuals
and species. This was tested by purifying IgM from different
mouse strains and demonstrated that these strains possessed
different hydrolysis rates (Supplemental Figure 2). At this
juncture, it would be premature to speculate as to the signifi-
cance of these differences in hydrolysis because there are
conflicting results in the literature regarding what mouse
strains are more or less resistant to 7. cruzi infection.**
In addition, IgM-mediated Tc24 hydrolysis rates between Balb/c
mice and humans were different. However, these differences
may be a reflection of how the heterogeneity of the immune
response affects acute and chronic disease progression.

The specificity of the Tc24 hydrolysis reaction was demon-
strated by the ability of IgMs purified from non-Tc24-exposed
mice to hydrolyze Tc24 but not other non-BC-SAgs, including
Na-ASP-2 from N. americanus, TSST and LukS-PV from
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S. aureus, or dispersin from E. coli suggesting that the activity
reported was Tc24 specific. Hydrolysis of Tc24 occurred via a
serine-protease mechanism similar to previously described
catalytic antibody-mediated hydrolysis reactions.'” Although
exposure to BC-SAgs reduced catalytic activity, conventional
IgG-mediated recognition of alternative epitopes on Tc24 was
readily observed (Supplemental Figure 1A). However, no
detectable hydrolysis of Tc24 by purified IgG from alum-
injected mice was observed as previously demonstrated for
other BC-SAgs (Supplemental Figure 1B).

We hypothesize that the B cells that produce Tc24 hydro-
lyzing IgM antibodies are either deleted or anerigized after
exposure to Tc24 (either as a result of immunization or infec-
tion) and that suppression of catalytic responses is sustained
throughout 7. cruzi infections since Tc24 is secreted and
expressed by all 7. cruzi developmental stages. This impact
to the IgM response appears to be limited to the B cells
secreting catalytic IgM antibodies since the IgM concentra-
tion following 7. cruzi infection increased, suggesting that
IgMs with specificities to other targets may not play a signifi-
cant role in controlling the infection and that any benefit
conferred by the catalytic response would be during the early
stages of infection (Figure 6). A Tc24-specific IgG binding (but
not catalytic as described in the context of other BC-SAgs)
response was also observed and was likely mounted in
response to epitopes on Tc24 that are not superantigenic.
“Silencing” of the anti-Tc24 catalytic response early in the
infection process may represent a key immune escape mech-
anism that allows the parasite to survive in the bloodstream
after infection and may leave the host more susceptible to
subsequent infections since there is now a “hole” in the cata-
lytic IgM repertoire. As the infection progresses and 7. cruzi
parasitizes intracellular niches, the presence of antibodies in
general may not play as an important a role in containment
of the organism compared with early in the infection process.
Although, a robust IgG response develops (Supplemental
Figure 1), we do not at this time know how this response
impacted the early stages of infection.

This report is the first to describe a BC-SAg produced by a
protozoan. In comparison with bacteria and viruses, proto-
zoans and helminths are highly complex organisms and it is
likely that Tc24 is the first of many BC-SAgs produced not
only by T. cruzi but also other parasites with blood stages
(e.g., Schistosomes and Plasmodium sp.). Data presented in
this report suggest that the measurement and manipulation of
catalytic antibody responses could be used to more effectively
manage Chagas disease for which current diagnostic, treat-
ment, and vaccine options remain limited.

Received June 15, 2015. Accepted for publication October 9, 2015.
Published online November 23, 2015.
Note: Supplemental figures appear at www.ajtmh.org.

Authors’ addresses: Sarah M. Gunter, Heather T. Essigmann, and
Eric L. Brown, Department of Epidemiology, Human Genetics
and Environmental Sciences, University of Texas School of Public
Health, Houston, TX, E-mails: sarah.k.murphy@uth.tmc.edu, heather
.t.essigmann@uth.tmc.edu, and eric.L.brown@uth.tmc.edu. Kathryn M.
Jones, Bin Zhan, Kristy O. Murray, Melissa N. Garcia, Rodion
Gorchakov, Maria Elena Bottazzi, and Peter J. Hotez, Department of
Pediatrics, Section of Tropical Medicine, Baylor College of Medicine,
Houston, TX, E-mails: kathrynj@bcm.edu, kmurray@bcm.edu, bzhan@
bem.edu, mnolan@bem.edu, rodion@bem.edu, bottazzi@bem.edu, and
hotez@bcm.edu.

This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.

REFERENCES

1. Hotez PJ, Dumonteil E, Woc-Colburn L, Serpa JA, Bezek S,
Edwards MS, Hallmark CJ, Musselwhite LW, Flink BJ,
Bottazzi ME, 2012. Chagas disease: the new HIV/AIDS of the
Americas. PLoS Negl Trop Dis 6: e1498.

2. Hotez PJ, Dumonteil E, Betancourt Cravioto M, Bottazzi ME,
Tapia-Conyer R, Meymandi S, Karunakara U, Ribeiro I,
Cohen RM, Pecoul B, 2013. An unfolding tragedy of Chagas
disease in North America. PLoS Negl Trop Dis 7: €2300.

3. Bern C, Kjos S, Yabsley MJ, Montgomery SP, 2011. Trypanosoma
cruzi and Chagas’ disease in the United States. Clin Microbiol
Rev 24: 655-681.

4. Bern C, 2012. Chagas disease in the immunosuppressed host.
Curr Opin Infect Dis 25: 450-457.

5. Urbina JA, 2014. Recent clinical trials for the etiological treat-
ment of chronic Chagas disease: advances, challenges and
perspectives. J Eukaryot Microbiol 62: 149-156.

6. Rassi A Jr., Dias JC, Marin-Neto JA, Rassi A, 2009. Challenges
and opportunities for primary, secondary, and tertiary preven-
tion of Chagas’ disease. Heart 95: 524-534.

7. Dumonteil E, Bottazzi ME, Zhan B, Heffernan MJ, Jones K,
Valenzuela JG, Kamhawi S, Ortega J, Rosales SP, Lee BY,
Bacon KM, Fleischer B, Slingsby BT, Cravioto MB, Tapia-
Conyer R, Hotez PJ, 2012. Accelerating the development of a
therapeutic vaccine for human Chagas disease: rationale and
prospects. Expert Rev Vaccines 11: 1043—1055.

8. Lee BY, Bacon KM, Wateska AR, Bottazzi ME, Dumonteil E,
Hotez PJ, 2012. Modeling the economic value of a Chagas’
disease therapeutic vaccine. Hum Vaccin Immunother §:
1293-1301.

9. Kearney JF, Patel P, Stefanov EK, King RG, 2015. Natural anti-
body repertoires: development and functional role in inhibiting
allergic airway disease. Annu Rev Immunol 33: 475-504.

10. Paul S, Nishiyama Y, Planque S, Taguchi H, 2005. Theory of
proteolytic antibody occurrence. Immunol Lett 103: 8-16.

11. Paul S, 1996. Natural catalytic antibodies. Mol Biotechnol 5:
197-207.

12. Planque S, Bangale Y, Song XT, Karle S, Taguchi H, Poindexter
B, Bick R, Edmundson A, Nishiyama Y, Paul S, 2004. Ontog-
eny of proteolytic immunity: IgM serine proteases. J Biol Chem
279: 14024-14032.

13. Janeway CA, Travers P, Walprot M, Shlomchik M, 2005.
Immunobiology: The Immune System in Health and Disease.
New York, NY: Garland Science, 135-168.

14. Planque SA, Nishiyama Y, Hara M, Sonoda S, Murphy SK,
Watanabe K, Mitsuda Y, Brown EL, Massey RJ, Primmer SR,
O’Nuallain B, Paul S, 2014. Physiological IgM class catalytic
antibodies selective for transthyretin amyloid. J Biol Chem
289: 13243-13258.

15. Paul S, 2011. Two-faced catalytic autoantibodies. Blood 117:
2084-2086.

16. Lacroix-Desmazes S, Bayry J, Kaveri SV, Hayon-Sonsino D,
Thorenoor N, Charpentier J, Luyt CE, Mira JP, Nagaraja V,
Kazatchkine MD, Dhainaut JF, Mallet VO, 2005. High levels
of catalytic antibodies correlate with favorable outcome in
sepsis. Proc Natl Acad Sci USA 102: 4109-4113.

17. Lacroix-Desmazes S, Mallet V, Wootla B, Kaveri SV, 2005. Cata-
lytic antibodies and severe sepsis. Discov Med 5: 209-212.

18. Planque S, Nishiyama Y, Taguchi H, Salas M, Hanson C, Paul S,
2008. Catalytic antibodies to HIV: physiological role and
potential clinical utility. Autoimmun Rev 7: 473—479.

19. Brown EL, Nishiyama Y, Dunkle JW, Aggarwal S, Planque S,
Watanabe K, Csencsits-Smith K, Bowden MG, Kaplan SL,
Paul S, 2012. Constitutive production of catalytic antibodies to
a Staphylococcus aureus virulence factor and effect of infec-
tion. J Biol Chem 287: 9940-9951.

20. Goodyear CS, Silverman GJ, 2005. B cell superantigens: a
microbe’s answer to innate-like B cells and natural antibodies.
Springer Semin Immunopathol 26: 463—-484.


http://creativecommons.org/licenses/by/4.0/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

THE T. CRUZI TC24 PROTEIN IS A B-CELL SUPERANTIGEN

Silverman GJ, Goodyear CS, 2006. Confounding B-cell defences:
lessons from a staphylococcal superantigen. Nat Rev Immunol
6: 465-475.

Planque S, Nishiyama Y, Taguchi H, Salas M, Hanson C, Paul S,
2008. Catalytic antibodies to HIV: physiological role and
potential clinical utility. Autoimmun Rev 7: 473—479.

Da Silva AC, Espinoza AG, Taibi A, Ouaissi A, Minoprio P,
1998. A 24,000 MW Trypanosoma cruzi antigen is a B-cell
activator. Immunology 94: 189-196.

Quaissi A, Da Silva AC, Guevara AG, Borges M, Guilvard E,
2001. Trypanosoma cruzi-induced host immune system dys-
function: a rationale for parasite immunosuppressive factor(s)
encoding gene targeting. J Biomed Biotechnol 1: 11-17.

Ouaissi MA, Taibi A, Cornette J, Velge P, Marty B, Loyens M,
Esteva M, Rizvi FS, Capron A, 1990. Characterization of major
surface and excretory-secretory immunogens of Trypanosoma
cruzi trypomastigotes and identification of potential protective
antigen. Parasitology 100: 115-124.

Da Silva AC, Espinoza AG, Taibi A, Ouaissi A, Minoprio P,
1998. A 24000 MW Trypanosoma cruzi antigen is a B-cell
activator. Immunology 94: 189-196.

Goud GN, Bottazzi ME, Zhan B, Mendez S, Deumic V, Plieskatt
J, Liu S, Wang Y, Bueno L, Fujiwara R, Samuel A, Ahn SY,
Solanki M, Asojo OA, Wang J, Bethony JM, Loukas A, Roy
M, Hotez PJ, 2005. Expression of the Necator americanus
hookworm larval antigen Na-ASP-2 in Pichia pastoris and
purification of the recombinant protein for use in human clini-
cal trials. Vaccine 23: 4754-4764.

Brown EL, Dumitrescu O, Thomas D, Badiou C, Koers EM,
Choudhury P, Vazquez V, Etienne J, Lina G, Vandenesch F,
Bowden MG, 2009. The Panton-Valentine leukocidin vaccine
protects mice against lung and skin infections caused by
Staphylococcus aureus USA300. Clin Microbiol Infect 15:
156-164.

Huang DB, Brown EL, DuPont HL, Cerf J, Carlin L, Flores J,
Belkind-Gerson J, Nataro JP, Okhuysen PC, 2008. Seropreva-
lence of the enteroaggregative Escherichia coli virulence fac-
tor dispersin among USA travellers to Cuernavaca, Mexico:
a pilot study. J Med Microbiol 57: 476—479.

Labandeira-Rey M, Couzon F, Boisset S, Brown EL, Bes M,
Benito Y, Barbu EM, Vazquez V, Hook M, Etienne J,
Vandenesch F, Bowden MG, 2007. Staphylococcus aureus
Panton-Valentine leukocidin causes necrotizing pneumonia.
Science 315: 1130-1133.

Brown EL, Bowden MG, Bryson RS, Hulten KG, Bordt AS,
Forbes A, Kaplan SL, 2009. Pediatric antibody response to
community-acquired Staphylococcus aureus infection is directed
to Panton-Valentine leukocidin. Clin Vaccine Immunol 16:
139-141.

Canavaci AM, Bustamante JM, Padilla AM, Perez Brandan CM,
Simpson LJ, Xu D, Boehlke CL, Tarleton RL, 2010. In vitro
and in vivo high-throughput assays for the testing of anti-
Trypanosoma cruzi compounds. PLoS Negl Trop Dis 4: €740.

Dumonteil E, Escobedo-Ortegon J, Reyes-Rodriguez N, Arjona-
Torres A, Ramirez-Sierra MJ, 2004. Immunotherapy of
Trypanosoma cruzi infection with DNA vaccines in mice.
Infect Immun 72: 46-53.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

121

Garcia MN, Murray KO, Hotez PJ, Rossmann SN, Gorchakov
R, Ontiveros A, Woc-Colburn L, Bottazzi ME, Rhodes CE,
Ballantyne CM, Aguilar D, 2015. Development of chagas car-
diac manifestations among Texas blood donors. Am J Cardiol
115: 113-117.

Garcia MN, Aguilar D, Gorchakov R, Rossmann SN, Montgomery
SP, Rivera H, Woc-Colburn L, Hotez PJ, Murray KO, 2014.
Evidence of Autochthonous Chagas Disease in Southeastern
Texas. Am J Trop Med Hyg 92: 325-330.

Brown EL, Kim JH, Reisenbichler ES, Hook M, 2005.
Multicomponent lyme vaccine: three is not a crowd. Vaccine
23:3687-3696.

Paul S, Karle S, Planque S, Taguchi H, Salas M, Nishiyama Y,
Handy B, Hunter R, Edmundson A, Hanson C, 2004. Natu-
rally occurring proteolytic antibodies: selective immunoglobu-
lin M-catalyzed hydrolysis of HIV gp120. J Biol Chem 279:
39611-39619.

Uda T, Hifumi E, 2004. Super catalytic antibody and antigenase.
J Biosci Bioeng 97: 143-152.

Odintsova ES, Buneva VN, Nevinsky GA, 2005. Casein-
hydrolyzing activity of sIgA antibodies from human milk.
J Mol Recognit 18: 413-421.

Beliveau F, Desilets A, Leduc R, 2009. Probing the substrate
specificities of matriptase, matriptase-2, hepsin and DESC1
with internally quenched fluorescent peptides. FEBS J 276:
2213-2226.

Planque SA, Mitsuda Y, Chitsazzadeh V, Gorantla S, Poluektova
L, Nishiyama Y, Ochsenbauer C, Morris MK, Sapparapu G,
Hanson CV, Massey RJ, Paul S, 2014. Deficient synthesis of
class-switched, HIV-neutralizing antibodies to the CD4 bind-
ing site and correction by electrophilic gp120 immunogen.
AIDS 28: 2201-2211.

Rodriguez AM, Santoro F, Afchain D, Bazin H, Capron A,
1981. Trypanosoma cruzi infection in B-cell-deficient rats.
Infect Immun 31: 524-529.

Perez AR, Tamae-Kakazu M, Pascutti MF, Roggero E, Serra E,
Revelli S, Bottasso O, 2005. Deficient control of Trypanosoma
cruzi infection in C57BL/6 mice is related to a delayed specific
IgG response and increased macrophage production of pro-
inflammatory cytokines. Life Sci 77: 1945-1959.

Pereira VR, Lorena VM, Nakazawa M, Luna CF, Silva ED,
Ferreira AG, Krieger MA, Goldenberg S, Soares MB,
Coutinho EM, Correa-Oliveira R, Gomes YM, 2005. Humoral
and cellular immune responses in BALB/c and C57BL/6 mice
immunized with cytoplasmic (CRA) and flagellar (FRA)
recombinant repetitive antigens, in acute experimental
Trypanosoma cruzi infection. Parasitol Res 96: 154-161.

Roggero E, Perez A, Tamae-Kakazu M, Piazzon I,
Nepomnaschy I, Wietzerbin J, Serra E, Revelli S, Bottasso O,
2002. Differential susceptibility to acute Trypanosoma cruzi
infection in BALB/c and C57BL/6 mice is not associated with
a distinct parasite load but cytokine abnormalities. Clin Exp
Immunol 128: 421-428.

Graefe SE, Meyer BS, Muller-Myhsok B, Ruschendorf F,
Drosten C, Laue T, Steeg C, Nurnberg P, Fleischer B, 2003.
Murine susceptibility to Chagas’ disease maps to chromo-
somes 5 and 17. Genes Immun 4: 321-325.



